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Why? 

As 1 am finishing this book, Science magazine is running a special issue about the 
sequencing of the macaque genome. It turns out that macaques share about 93 per- 
cent of their genes with us, humans. Previously it has been already reported that 
chimpanzees share about 96 percent of their genes with us. Yes, the macaque is our 
common ancestor, and it might be expected that, together with the chimps, we con- 
tinued with our natural selection some 23 million years ago until, some 6 million 
years ago, we departed from the chimps to continue our further search for better 
adaptation. Actually it was not quite like this. Apparently it was the chimps that 
departed from us; now that we have the macaques as the starting point, we can see 
that the chimp's genome has way more mutations than ours. So the chimps are fur- 
ther ahead than we are in their adaptation to the environment. 

How did that happen, and how is it then that we, and not the chimps, have 
spread around all the Earth? Apparently at some point a mutation put us on a differ- 
ent track. This was a mutation that served an entirely different purpose: instead of 
adapting to the environment in the process of natural selection, we started adapting 
the environment to us. Instead of acquiring new features that would make us better 
suited to the environment, we found that we could start changing the environment 
to better suit us - and that turned out to be even more efficient. And so it went on. 
It appears that not that many mutations were needed for us to start using our brain- 
power, skills and hands to build tools and to design microenvironments in support 
of the life in our fragile bodies - certainly not as many as the chimps had to develop 
on their road to survival. Building shelters, sewing clothing or using fire, we created 
small cocoons of environments around us that were suitable for life. Suddenly the 
rate of change, the rate of adaptation, increased; there was no longer a need for mil- 
lions of years of trial and error. We could pass the information on to our children, and 
they would already know what to do. We no longer needed the chance to govern the 
selection of the right mutations and the best adaptive traits, and we found a better 
way to register these traits using spoken and written language instead of the genome. 

The human species really took off. Our locally created comfortable microenvi- 
ronments started to grow. From small caves where dozens of people were packed in 
with no particular comfort, we have moved to single-family houses with hundreds of 
square meters of space. Our cocoons have expanded. We have learned to survive in 
all climatic zones on this planet, and even beyond, in space. As long as we can bring 
our cocoons with us, the environment is good enough for us to live. And so more 
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and more humans have been born, wtrh more and more space occupied, and more 
and more resources used co create our microcosms. When microcosms are joined 
together and expand, chey are no longer "micro." Earch is no longer a big planet with 
infinite resources, and us, the humans. Now it is the humans' planet, where we dom- 
inate and regulate. As Vernadskii predicted, we have become a geological force that 
shapes this planer. He wasn't even talking about climate change at that tune Now 
we can do even that, and are doing so. 

Unfortunately, we do not seem to be prepared to understand that. Was there 
a glitch in that mutation, which gave us the mechanism and the power but forgot 
about the self-control? Are we driving a car that has the gas pedal, but no brake? 
Or we just have not found it yet? For all these years, human progress has been and 
still is equated to growth and expansion We have been pressing the gas to the floor, 
only accelerating. But any driver knows that at high speed it becomes harder to steer, 
especially when the road is unmarked and the destination is unknown. At higher 
speeds, the price of error becomes fatal. 

But let us take a look at the other end of the spectrum. A colony of yeast planted 
on a sugar substrate starts to grow. It expands exponentially, consuming sugar, and 
then it crashes, exhausting the feed and suffocating in its own products of metabo- 
lism. Keep in mind that there is a lot of similarity between our genome and that of 
yeasL. The yeast keeps consuming and growing; it cannot predict or understand the 
consequences of its actions. Humans can, but can we act accordingly based on our 
understanding? Which part of our genome will cake over? Is it the part that we share 
wuh Lhe yeasL and which can only push us forward into finding more resources,, con- 
suming them and multiplying? Or is it going lo be the acquired part that is respon- 
sible for our intellect and supposedly the capacity to understand the more distant 
consequences of our desires and the actions of today? 

So far there is not much evidence in favor of the latLer. We know quite a few 
examples of collapsed civilizations, but there aie not many good case studies of 
sustainable and long-lasting human societies. To know, to understand, we need to 
model. Models can be different. Economics is probably one of the most mathema- 
tized branches of science after physics. There are many models in economics, but 
those models may not be the best ones to take into account the other systems that 
are driving the economy. There is the natural world, which provides resources and 
takes care of waste and pollution. There is the social system, which describes human 
relationships, life quality and happiness. These do not easily fit into the linear pro- 
gramming and game theory that are most widely used in conventional economics. 
We need other models if we want to add " ecological " to " economics. " 

So far our major concern was how to keep growing. Just like the yeast popula- 
tion. The Ancient Greeks came up with theories of oikonomika - the skills of house- 
hold management. This is what later became economics - the science of production, 
consumption and distribution, all for the sake of growth. And that was perfectly fine, 
while we were indeed small and vulnerable, facing the huge hostile world out there. 

Ironically, ecology, oikology - the knowledge and understanding of the house- 
hold - came much later. For a long rime we managed our household without know- 
ing it, without really understanding what we were doing. And that was also OK, as 
long as we were small and weak. After all, what kind of damage could we do to the 
whole big powerful planet? However, at some point we looked around and realized 
that actually we were not that weak any more. We could already wipe out entire spe- 
cies, change landscapes and turn rivers. We could even change the climate on the 
planet. 
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It looks as though we can no longer afford " economics " - management without 
knowledge. We really need to know, to understand, what we are doing. And that is 
what ecologicai economics is all about. We need to add knowledge about our house- 
hold to our management of it. 

Understanding bow complex systems work is crucial. We are part of a complex 
system, the biosphere, and we further add complexity to it by adapting this biosphere 
to our needs and adding the human component with its own complexities and 
uncertainties. Modeling is a fascinating tool that can provide a method to explore 
complex systems, to experiment with them without destroying them at the same 
time. The purpose of this book ls to introduce some of the modeling approaches that 
can help us to understand how this world works. 1 am mostly focusing on tools and 
methods, rather than case studies and applications. 1 am trying to show how mod- 
els can be developed and used - how they can become a communication tool that 
can take us beyond our personal understanding to joint community learning and 
decision-making. 

Actually, modeling is pretty mundane tor all of us. We model as we think, as we 
speak, as we read, as we communicate - and our thoughts are mental models of the 
reality. Some people can speak well clearly explaining what they think. It is easy to 
communicate with them, and there is less chance for misunderstanding, In contrast, 
some people mumble incoherent sentences that it is difficult to make any sense of. 
These people cannot build good models of their thoughts - the thoughts might be 
great, but they still have a problem. 

Some models are good while others are not so good. The good models help us to 
understand^ Especially when we deal with complex systems, it is crucial that we learn 
to look at processes in their interaction. There are all borts oflinks. connections and 
feedbacks in the systems that sutround us. If we want to understand how these sys- 
tems work, we need to learn to sort these connections out, to find the most impor- 
tant ones and then study them in mote detail. As systems become more complex, 
these connections become more distant and indirect. We find feedbacks that have a 
delayed response, which makes it only harder to figure out their role and guess their 
importance. 

Suppose you start spinning a big flywheel. It keeps rotating while you add more 
steam to make it spin faster. There is no indication of danger - no cracks, no squeaks - 
it keeps spinning smoothly. An engineer might stop by, see what you're doing and get 
very worried. He will tell you that a flywheel cannot keep accelerating, that sooner or 
later it will burst, the internal tension will he too high, the material will not hold u Oh, 
it doesn't look that way," you respond, after taking anothet look at your device. There 
is no evidence of any danger there. But the problem is that there is a delayed response 
and a threshold effect. Everything is hunky-dory one minute, and then "boom!" - the 
flywheel bursts into pieces, metal is flying around and people are injured. How can 
that happen? How can we know that it will happen? 

Oh, we know, but we don't want to know. Is something similar happening now, 
as pair of the global climate change story and its denial by many politicians and ordi- 
nary people? We don't want to know the bad news; we hate changing our lifestyle. 
The yeast colony keeps growing till the very last few hours. 

Models can help. They can provide understanding, visualization, and important 
communication tools. The modeling process by itself is a great opportunity to bring 
together knowledge and data, and to present them in a coherent, integrated way. So 
modeling is really important, especially if we are dealing with complex systems that 
span beyond the physical world and include humans, economies, and societies. 
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What? 

This book originated from an on-line course char I scarred some 10 years ago. The 
goal was to build a stand-alone Internet course that would provide both access to the 
knowledge base and interaction between the instructor and the students. The web 
would also allow several instructors at different locations to participate m a collabo- 
rative teaching process. Through cheir joint efforts the many teachers could evolve 
and keep the course in the public domain, promoting truly equal opportunity in edu- 
cation anywhere in the world. By constantly keeping the course available for asyn- 
chronous teaching, we could have overlapping generations of students involved at 
the same time, and expect the more advanced students to help the beginners. The 
expectation was that, in a way that mimics how the open source paradigm works for 
software development, we would start an open education effort. Clearly, the ultimate 
test of this idea is whether ir catches on in the virtual domain. So far it is still a work 
in progress, and there are some clear harbingers that it may grow to be a success. 

While there are always several students from different countries around the 
world (including the USA, China, Ireland, South Africa, Russia, etc.) taking the 
course independently, 1 also use the web resource in several courses I teach in class. 
In these cases I noticed that students usually started with printing out the pages from 
the web. This made me think that maybe after all a book would be a good idea. 

The book has gone beyond the scope of the web course, with some entirely new 
chapters added and the remaining ones revised. Still, I consider the book to be a 
companion to the web course, which I intend to keep working and updated. One 
major advantage of web tuconals is chat new facts and findings can be incorporated 
almost as soon as they are announced or published. It takes years to publish or update 
a book, but only minutes to insert a new finding or a URL into an existing web struc- 
ture. By the time a reader examines the course things will be different from what 
I originally wrote, because there are always new ideas and results tn implement and 
present. The virtual class discussions provide additional material for the cotirsc. All 
this can easily become part of the course modules. The book allows you to work off- 
line when you don't have your computer at hand. The on-line part offers interaction 
with the instructor, and downloads of the working models. 

Another opportunity opened by web-based education can he described as dis- 
tributed open-source teaching, which mimics the open-source concept that stems 
from the hacker culture. A crucial aspect of open-source licenses is that they allow 
modifications and derived works, but they must also be distributed under the same 
terms as the license of the original software. Therefore, unlike simply free code that 
could be borrowed and then used in copyrighted commercial distributions, the open- 
source definition and licensing effectively ensures that the derivatives stay in the 
open-source domain, extending and enhancing it. Largely because of this feature, the 
open-source community has grown very quickly. 

The open-source paradigm may also be used to advance education. Web-based 
courses could serve as a core for joint efforts of many researchers, programmers, edu- 
cators and students. Researchers could describe the findings that are appropriate for 
[he course theme. Educators could organize the modules in subsets and sequences 
that would best match the requirements of particular programs and curricula, and 
develop ways to use the tools more effectively. Programmers could contribute soft- 
ware tools for visualization, interpretation and communication. Students would test 
the materials and contribute their feedback and questions, which is essential for 
improvements of both content and form. 
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Some of [his is still in the future, Perhaps if you decide to re$d the hook and take 
the course on line, you could become part of rh is opea source, open-education effort. 



How? 

J believe that modeling cannot be really taught, only learned, and that it is a skill 
and requires a lot of practice - just as when babies learn to speak they need to prac- 
tice saying words, making mistakes, and gradually learning to say them the right way. 
Similarly, with formal modeling, without going through the pitfalls and surprises of 
modeling, it is not possible to understand the process properly Learning the ski J 
must he a hands-on experience of all the major stages of modeling, from data acquisi 
tion and building conceptual models to formalizing and i relatively improving sim- 
ulation models That is why I strongly recommend that you look on the web, get 
yourself a trial or demo version of some of the modeling software that we are working 
with in this book, then download the models that we arc discussing. You can then 
not just read the book, but also follow the story with the model. Do the tests, change 
the parameters, explore on your own, ask questions and try to find answers- It will be 
way more fun that way, and it will be much more useful . 

Best of all think of a topic that is of interest to you and start working on your indi- 
vidual project Figure out what exactly you wish to find out. sec what data are available, 
and then go through the modeling steps that we will be discussing in the book. 

The web course is at http://vvww.likbei.com/AV/Si miviod.html, and will remain 
open to all. You may wish to register and take it You wdi find where ir overlaps with 
the book, you will be able to send your questions, get answers and interact with other 
students. 

At the end of each chapter, you will find a bibliography. These books and artn 
cles may not necessarily be about models in a conventional sense, but they show how 
Complex systems should be analysed and how emergent properties appear from this 
analysis. Check out some of those references for more in-depth reaUife examples of 
different kind of models, systems, challenges and solutions. 

Best of ail, learn to apply your systems analysis and modeling skills in your eve- 
ryday life when you need to make small and big decisions, when you make your next 
purchase or go to vote Learn to look at the system as a whole, to identify the ele- 
ments and the links, the feedbacks, controls and forcings, and to realise how diings 
are interconnected and how important ic is co step back and see the big picture, die 
possible delayed effects and the critical states. 
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1.1 Model 

1 .2 System 

1.3 Hierarchy 

1 .4 The modeling process 

1 .5 Model classifications 

1.6 Systems thinking 



SUMMARY 

What's a model? Why Jo we model? How do we model? These questions are 
addressed in this chapter, k is a very has it inrrnducrion to the trade, We shall agree 
on definitions - what is a system, what arc parameters, forcing functions, and bound- 
aries? We will also consider some other basic questions - how dp we huild a concep- 
tual models How are elements connected? Want are the flows uf material, and where 
is a actually informauun? How do interactions create a positive feedback that allows 
the system to run our of control Or, conversely, how do negative feedbacks manage to 
keep a system in shape > Where do we get our parameter from? We shall then briefly 
explore how models arc built, and cry to come with some dichotomies and classes for 
different models. 

Keywords 

Complexity, resolution, spatial, temporal and structural scales, physical models, 
mathematical models, Neptune, emergent properties, elements, holism, reduction- 
is^, That ioWiide^flowsj stocks, interactions, links, feedbacks, global warming, struc- 
ture, function, hierarchy, susta inability, boundaries, variables, conceptual model, 
modeling process, 



1.1 Model 

We model all the tune, even 
A model is a simplification of reality though we don't rhmk abojt 

it. With words that we speak Or 
write, we build models of what 
we chink. I used to have a poster in my office of a bi^ gorilla scratching his head 
and saying "You think you understood what I said, hut I'm not sure that what 
I said is what I thought," One of the reasons ijt is sometimes hard to communicate 
is that we are not always good at modeling our thoughts by the words that we 
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Note that the models we build are defined by the purposes that they serve- IF, 
for example, you only want to show a friend how to get to your house, you will draw 
a very simple diagram, avoiding description oE various places of interest on the way. 
However, if you warn your friend to take notice of $ particular location, you might 
Btlso show her a photograph, which is also ri model. Its purpose is very different, and 
so are the implementation, the scale and the details. 

The best model, indeed, should strike ii 
balance between realism and simplicity The 
The best explanation is as simple human senses seem tn be extiemely well tuned 

as possible, but no Simpler. to the levels of complexity and resolution that 

^irc reC]LnieJ to give us a model of the world 
Albert Einstein c hat is adequate to our needs. Humans can 
rarely distinguish objects that are less than 
I mm in si:e, bur then they hardly need to in 
i heir everyday lire. Probably for the same reason, more distant objects are modeled 
with Less detail than are the close ones If we could see all the details across, say, a 
5 -km distance, the brain would be overwhelmed by the amount of information it 
would need to process. The ability of the eye to focus on individual objects, while 
the surrounding picture becomes some what blurred and loses detail, probably serves 
the same purpose of simplifying the image the brain is currently studying- The model 
is made simple, but no simpler than we need. Ir our vision is less than 20/20, we sud- 
denly realize that there are certain important features that we can no longer model. 
We rush to the optician for advice on how to bring our modeling capabilities back to 
certain standards. 

As in space, m time we also register events only of appropriate duration. Slow 
motion escapes our resolution capacity. We cannot see how a tree grows, and we can- 
not register the movement of the sun and the moon; we have to go back to the same 
observation point to see the change. On the other hand, we do not operate too well 
at very high process mtes. We do not see how the fly moves its wings Even driv- 
ing causes problems, and quite often the human bram cannot cope with the flow of 
information when driving too fast. 

Whenever we are interested in more detail regarding time or space, we need to 
extend the modeling capabilities of our senses and brain with some additional devices - 
microscopes, telescopes, high-speed camerasL long -term monitoring devices, etc. 
These are required for specific modeling goals, specific tern pot a 1 and spatial scales. 

The image created by our senses ls static; it «s a «= nap, 1 ; hot of reality- It is only 
changed when the reality itself changes, and as we continue observing we get a series 
of snapshots that gives us the. idea of the change. We cannot modify this model to 
make it change in time, unless we use our imagination to play "what if?" games. 
These are the mental experiments that we can make The models we create outside 
our brain, physical models, allow us to study certain features of the real life systems 
even without mollifying their prototypes - for example, a model of an airplane is 
placed in a wind tunnel to evaluate the aerodynamic propeitiesot the real rmphne. 
We can study the behavior uf the airplane and its pans in extreme conditions, we 
can make them actually break without risking the plane itself - which is, ol course, 
many times more expensive than its modeb (For examples of wind tunnels and bow 
they are used, see http://wtedarc.nasa.gov/.) 

Physical models are very useful in the * ; what if?" analysis They have been widely 
used in engineering, hydrology, architecture, etc In Figure 1 A we see a physical model 
developed to study stream flow. U mimics a real channel, and has sand and gravel to 




A physical model to study stream flow in the Main Channel Facility at the St Anthony Falls 
Laboratory (SAFLI in Minnesota. 

The model is over BDm long, has an intake from the Mississippi Rrver with a water 
discharge capacity of 8.5m 3 per second, and is configured with a sediment (both gravel 
and sand) recirculation system and a highly accurate weigh-pan system for measuring 
bedload transport rates {hrtp://www.nced umn edu/streamlab06_sed_)(pnrt} 



represent the herUonus ami allow us to analyze how changes in the bottom profiler can 
affect the flow of water in the scream. Physical models arc quire expensive co create 
and maintain. They are also very hard to modify, 50 each new device (even il it is fairly 
similar to the one already studied) may require the building of an entirely new physical 
model 

Mathematics offers another cool for modeling. Once we have derived an ade- 
quate mathematical relationship for a certain process, we inn start analyzing u in 
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many different ways, predicting the behavior of the real- life object under varying 
conditions. Suppose we have derived a model of a body moving in space described by 
the equation 

S = V • T 

where S is the distance covered, V is the velocity and T is time. 

This model is obviously a simplification of real movement, which may occur 
with varying speed, be reciprocal, etc. However, this simplification works well for 
studying the basic principles of motion and may also result in additional findings, 
such as the relationship 




An important feature of mathematical models is that some of the previously 
derived mathematical properties can be applied to a model in order to create new- 
models, at no additional cost. In some cases, by studying the mathematical model we 
can derive properties of the real-life system which were not previously known. It was 
by purely mathematical analysis of a model of planetary motion that Adams and Le 
Vetner first predicted the position of Neptune in 1845. Neptune was later observed by 
Galle and d'Arrest, on 23 September 1846, very near to the location independently- 
predicted by Adams and Le Vomer. The story was similar with Pluto, the last and the 
smallest planer in the Solar System (although, as of 2006, Pluto is no longer consid- 
ered to be a planet; it has been decided that Pluto does not comply wich the definition 
of a planet, and thus it has been reclassified as a "small planet"). Actually, the model 
that predicted its existence turned out to have errors, yet it made Clyde Tom ba ugh 
persist in his search for the planet. We can see that analysis of abstract models can 
result m quite concrete findings about the real modeled world. 

All models are wrong because they are 
always simpler than the reality, and thus some 
All models are wrong ... Some features of real-life systems get misrepresented 

models are useful. or ignored in the model. What is the use of 

modeling, then? When dealing with some- 
William Deming . . , , „ , _ ■ 
3 thing complex, we tend to study it step by 

step, looking at parts of the whole and ignor- 
ing some details to get the bigger picture. 
That is exactly what we do when building a model. Therefore, models are essential 
to understand the world around us. 

If we understand how something works, it becomes easier to predict its behavior 
under changing conditions. If we have huilt a good model that takes into account 
the essential features of the real -life object, its behavior under stress will likely be 
similar to the behavior of the prototype that we were modeling. We should always 
use caution when extrapolating the model behavior to the performance of the proto- 
type because of the numerous scaling issues that need be considered. Smaller, simpler 
models do not necessarily behave m a similar way to the real- life objects. However, 
by applying appropriate scaling factors and choosing the right materials and media, 
some very useful results may be obtained. 

When the object performance is understood and its behavior predicted, we get 
additional information to control the object. Models can be used to find the most sen- 
sitive components of the real-life system, and by modifying these components we can 
efficiently tune the system into the desired state or set it on the required trajectory. 
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1.2 System 

HalfcrdDj, 1917 
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Systems Science and Modeling for Ecological Economics 




BiHO£2Ejfl Elements and interactions. 
We first identify elements in the system iA} r then figure out 
which ones are connected (B) Next we start describing the 
types of interactions iC - which element influences which, and 
how) By putting together these kinds o1 relationship diagrams 
we can better understand and communicate how systems 
work, 

energy (light, Kent, electricity, etc-}, money, etc. It is something that can be meas- 
ured and tracked. Also, if an element is a donor of this substance the amount of 
substance in this element will decrease as a result of the exchange, while at the same 
time the amount of this substance will increase in the receptor element There is 
always a mass or energy conservation law in place Nothing appears from nothing, 
and nothing can disappear to nowhere . 

The second type ot exchange is an information flow. In this case, element A gets 
the information about element B- Element Bat the same time may have no infor- 
mal inn about element A. Even when element A ^ets information about B> element 
B does nor lose anything- Information can be about the srate of an element, about 
the quantity that it contains, about its presence or absence, etc. For example, when 
we stt down for breakfast, we eat food As we eat, there is less food on the table and 
more food in our stomachs. There is n flow of material. At some point we look at the 
clock on the wall and realize that it is time to stop eating and go to work. There is a 
flow of information from the ck>ck to us. Nothing has been taken from the clock, yet 
we learned something from the information How that we used 

When describing flows in 3 system it is useful to identify when the flows play a 
stimulating or a dampening effect For example, consider a population growth process. 
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1.3 Hierarchy 

Subsyst^in ^--^ System <- -> Super^ystem 
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sM Hierarchies in systems. 

Systems may ^ e presented as interacting subsystems Systems themselves interact as 
parts of supra-systems. There are various hierarchical levels that can be identified to 
improve the descriptions of systems in models Elements in the same hierarchical level 
are usually presented in the same level of detail in the space-time-structure dimensions, 

same level. However, Lower levels ol those similar systems are hardly important for 
rhis system. Tliey enter the higher levels in terms of their function, the individual 
elements may he negligible but their emergent properties are what matter Fiebleman 
describes this in his theory of integrative levels as follows: "For an organism at any 
given level* iis mechanism lies at the level he low and its purpose at the level above 1 ' 
(Fiebleman, 1954: 61). 

For example, consider a student <is a system. The student is part of a class, which 
is the next hierarchical level. The class has certain properties that are emergent for 
the set of students rhrir enter it. At the class level, the only thing that t$ important 
about students is their learning process It does not matter what individual students 
had for breakfast, or whether they are tall or short. On the other hand, their indi- 
vidual ability to learn is affected by their individual properties. If a student has a 
headache after the party on the night hefore, he or she probably will not be able to 
study as well as a neighbor who went co the gym instead. The class as a whole may be 
characterized by a certain degree of academic achievement that will be different from 
the talents and skills of individual students, yet that will be the benchmark that the 
teacher will consider when working with the class. Fat:h student affects this emer- 
gent property to a certain extent, but not entirely. On the contrary, the class average 
affects each individual students setting the level of instruction that is to be offered by 
the teacher Different classes are assembled into a school which is the next level in 
the hierarchy. Schools may be elements in a Regional Division . and so on. 

At the other end of this hierarchy, we can start by "decomposing" each individ* 
ual student, looking at his or her body organs and considering their functions - and 
so on, until we get to molecules and atoms. There are many ways we can carry out 
the decomposition. Instead of considering a student as an element of a class, we may 
look at that student as an element of a family and build the hierarchy in a different 
way- As with modeling in general, the type of hierarchy that we create is very much 
driven by the goals of our study The hierarchical approach is essential in order to 
place the study object within the context of the macro- and micro- worlds - that h, 
the super- and subsystems - relative to it 
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According to T. Saaty ( 1982), "hierarchies arc a fundamental tool of the human 
mind. They involve identifying the elements of a problem, grouping the dement;? 
into homogeneous sets, and arranging these sets in different levels." There may be a 
variety of hierarchies, the simplest of which tire linear - such as universe -4 galaxy — i 
constellation — » sofcir s^tem — » pfcinct —»...,-* mo/ecwic — * atom — * nucleus — * proton. 
The more complex ones are networks of interacting elements, with multiple levels 
affecting each of the elements- 
It is import ant to remember 
that there are no real hierarchies tn 
the world we study. Hierarchies are 
always creations of our brain and 
are driven by our study. They are 
just a useful way to look at the system, to understand it, to put it in the context of 
scale, of other components that affect the system Theie is nothing objective about 
the hierarchies that we develop. 

For example, consider the hierarchy that can be assumed when looking at the 
Earth system. Clearly, there are ecological, economic and social subsystems. Neo- 
classical economists may forget about the ecological subsystem and put together their 
theories with only the economic and social subsystems in mint!. That is how you 
would end up with the Cobb-Douglas production function that calculates output as 
a function or labor (sucia I system) and capital (economic system). 

Environmental economists would certainly recognize the importance of the eco- 
logical system. They would want to take into account all three subsystems* but would 
think about rhem a? if they were acting sidc-by-side, as equal components of the whole 
(Figure I.4A), For them, the production function is a product of population (labor), 
resources (land) and capital All three are equally important, representing the social, 
natural (ecological) and economic subsystems, respectively. They are also subsritu table: 
you can cither work more or invest more to get the same result. You can also come up 




Different waysto present the ecolrjgicai-economic-srjcial hierarchy in the Earth system. 
Hierarchies are subjective and serve panic alar purposes of the analysis. 
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■A'e vuiii bt- Cfn^iderwvg austeineftllhy and austainsble development in mora detail in Chapter 7 
Here, let ua use this notion, in demonstrate hoWsy&wms nnd hieifirttiEfts msy be fl useful tui.il 
luf some- far-raachmcj conclusions The WorW ConTUTiission -on Envwonment and Development 
ivVCED, l387!i introduced the ioaa oF austainability several decarles ag-D, bui there is- still nc 
Single- agreed cfcifinlijori for it. Most wousd agree that ii smpHaa ihpt a system ia To be nr*m- 
lalnad at a certain level, heW within ceflaln lln^ts SuStanatjAHtv 1 denies run-Bw!!v gtevrth, but 
■ISO precludes any subscariiial set backs o- r rjt-ts ^"hila mrat - probably all - natural sy^eiT.a 
go tti rough £i renewel tycie. '-vhere g'owtti is Icftjwect try decline- 5ino? ffvenlual disin^esp'^'iiori. 
Su&tftine&dirv 1 in ft w$y has "he gcal of nrcrvgnting th$ syaEam from declinjng and -codApaing. 
On^inallv the Brundtand ConMniE-sico caane i^i with the concept of eu&tamab*Jity at tne glo- 
bal level, as a way 10 protect pgr L>osp^ere from becoming uninhabitable by huinana, end 
hLKman lives bacom^ng -full of suffering and lurf-Wil b&cauSe oF it\e taclc o^ natural fesr>urr:*5 
and &3£imilarive capflcily oF tha planet 

I Io-vbW, someliohv In tte environmenfal nwv*m*nt the gOAf oi sustainabili?y was 
iranalated into the regional and local levels,. Indeed, the famous Schumachef ice-a o- "Ti-i nk 
plobalry - act Ic^aHy" apore^ttv mearis tf^at the obvous pal^ to fllobal su&tamabiity is 
ihfough making 5L p e mat our local systems are 3usiainat4e. Is ther napily rhe- case? Let u& 
apply sonie D^ lh* ideas about *riergrchleS and Svstem-s 

Keep in rnind ihat ran-ewal arows J nr reaa|^sirr*n? and edaptau'on How.ies'er. ii is thn 
n*Kt hioraifj- cai i^/pr that bena^Es frc<n this adsprsrio^ Renewal in comcc^ems helps a ev-s- 
"afn to persist; therefore J oi a hierarchical system Eo extend its existence. 1o oe suHSa^frte. 
Its 3uJbsy&t*m5 n*ed to go through ranewal cycles, In iFi*s way. the- owiih ol subsystems con- 
ihbutas 1o the sjst3i?-at>s tv a1 the supra-svstam, prodding mmeriftl and space 1d r re<yganf 
zailon. arid acfeptatl&n. Costenia and Pan.cn n995: 19&J, looVIn^ at sustainabilily n te^ms oi 
component longevity or existence time, recognized that "evolution cannot ocfAjr unless itnare 
IsJinnlfecr loneevily 0* the compon^.t parts so ?h?H nev- 1 alter -stives be selectarJ* 

Siratainability Ol a system borrows from sustaindtSirty of b supra-svstem enrj r^sts on 
lark of sujtairsaWfity in subs-ystenne. This rr*ght !wd to receive, because al f iist gtenca 
it sflems that a system r-ade of sustainaWe, tasting components should be sustaln?fole as 
well, r+ov/ever, in ays-tems theory It ties b*«n loog resc^iied lhal "ihe whole is more shan 
lhe sum d fiartt' Iwn Bertafanffy, 1368: 55! 1 . tMt a ay?t#m luncticn is not provided only ty 
(he 1w;1iona gi its COrr^onents, and thfrr«fare, in 1*tT- system eustainability is not a prod- 
uct ol sustainable parts and vies v&sa. This is especially lrue far living uynamje-ahy Evolving 
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iwtvmi "Hm tannrji mm up |ha GahaviOf ol tfw wto* (w» Iht notour iwii tntf yfc 
hni Ed till* Into fleECwnt thv rulatlcmsi J^iiwtiri the wp*ji hjlxntftmied xystera arcs th* 
iy»timi whio^i Art nupiKtrdiniua 10 shun *i wdar to «nfjafiTai>rl ifca oatiaw gf o*ni u tw 
nvnalnnftv ISM 1401 , 

Ctl iVtlwri and its componam* I?. 1& ayi** Ihni irn=iq 4 £>r#v on* tySMm for rttacft iusrairv 
a&ility will b# aougfrt and Ihil ll tht 10P layal avjtafn - whk*i m this ease -2 - ■■ v : i: r ^.tr a: 
i ivhai* TK* globil fccnl* In itm ooniixi mm» to b# tfca nnaw™i thai huroamewt mfriwta 
ar rh* prasani larval ol thair rJatfatapme-ni 11 ib also m# siaifi ihai afloeti ih* tamAftfy as a 
wrct*, th* iystim lhai 4 ahirad by all pttpla and »i^rj lrwato* 0* of nM«y cw:ern 
tn all 

Probabfy ™ famous Schumacnar n\&^sn \ ' Think gtotwHy - ocl HkbVj s^oj« also mdUfe- 
'Whan acfing locafiv - kaap thinlang glotaaay. - yAta do rat want bcaty Mfa **a ft a i wtrna fci- 
*t_ CfluntlM, ragpOrtti, forms, inoustriarf! W* warn lolal iham r™, 50 that at the gnots 
*m can naw malaria. *cr ecLapiaiign and ablution, whiohii»«wnwi for auawta&ftfk/ 



Exercise 14 

tr Cgrt^idar a rrse <n a Itves! and da-scribe f>e ial&Mr 1 I tiai J* tVu; nouO 3ia 
"atujufl 1 " and H helrtw" * hcy.\ <Jo "vOU ilrc;ich -/.+i?ft ft* -"va 1 . rip r n^r*- ni^i ^ - 
£. Think u* ar. e^rnr^* ^hgr 3 s^i-pm j a^FCT€d t\ * r^pr" " h?^ 1 * « Ptfl ri-Pej. 

shy. rjui 13 not fff*cr*d ^ rn« lyaiini 2 «v*ls b<x>* < r t-a ^-oiD-ir* s r -5 >:*:c ' 
1, If a sys'em cnllapses tdie-s olii can suSsyftlema sur^e " 



1 ,4 The modeling process 

Hu^rjCf I in T.iL-Tir ; C-.i= jLf l :-. ji iOT.I luitSrf OYl TO AM I J I ^utITj^J C-C 
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Li~h ^i.r- -r-i "i'-p-i'ii n lr .iihi>i r* Jkllti ..Ii ■■ .1 mty win 
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all of rhem, or some of rhem are entirely unknown? Which are che limiting ones, 
where are the gaps in our knowledge? What are the interactions between the 
elements? 

W ; e might already need to go back and forth from the goals to the data sets. If 
our knowledge is insufficient for the goal in mind, we need either to update the data 
sees co better comply with the goals, or to redefine the goals to make them more fea- 
sible at the existing level of knowledge. 

By answering the basic questions about space, time and structure, we describe 
the conceptual model of the system. A conceptual model may be a mental model, a 
sketch or a flow diagram. Budding the right conceptual model leads us halfway to 
success. In the conceptual model, the following components of the system should be 
clearly identified. 

1. Boundaries. These distinguish the system from the outside world in both time and 
space. They are important in deciding what material and information flows into 
and out of the system, which processes are internal (endogenous) and which are 
external (exogenous). The outside world is something that we assume is known 
and do not try to explore in our model. The outside world matters for the model 
only in terms of us effects upon the system that we are studying. 

2. Variables. These characterize the elements in our system. They are the quantities 
that change in the system that we analyze and report as a result of the modeling 
exercise. Among variables, rhe following should be distinguished: 

• State variables, or output variables. These are che outputs from the model. They 
are determined by inputs that go into the model, and by the model's internal 
organization or wiring. 

• Intermediate or auxiliary vaiiables. These are any quantities defined and com- 
puted in the model. They usually serve only for intermediate calculations; how- 
ever, in some cases looking at them can help us to understand what happens 
"under the hood" in the model. 

3. Parameters. These are generally all quantities that are used to describe and run a 
model. They do nor need to be constant, bur all their values need to be decided 
before the model runs. These quantities may be further classified into the follow- 
ing categories: 

• Boundary conditions. These describe the values along the spatial and tempo- 
ral boundaries of a system. For a spatially homogeneous system we have only 
initial conditions, which describe the state of the variables at time t ~ when 
we start the model, and the length of the model run. For spatially distributed 
systems, in addition we may need to define che conditions along the boundary, 
as well as the geometry of che boundary itself. 

• Constants or parameters in a narrow sense. These are the various coefficients 
and constants measured, guessed or found. We may want to distinguish between 
real constants, such as gravity, g, and, say, the half-saturation coefficient, K, 
in the Michaehs-Menren function that we will consider in the next chapter. 
While both of them take on constant values in a particular model run, g will be 
always the same from one run to another, but K may change quite substantially 
as we improve the model. Even if K comes from observations, it will normally 
be measured with certain error, so the exact value will not be really known. 

• Forcing functions. These are parameters that describe che effect of the out- 
side world upon the system. They may change in time or space, hut they do 



Models and Systems 19 



not respond to changes within the system They .ire external to it, driven by 
processes ifl the higher hiernrehicul Levels-. Climatic conditions (rainfall, tern* 
perature, etc ) certainly affect the growth of tomatoes in my garden, but i he 
tomatoes hardly affect the temperature or the rainfall patterns. If we build a 
model of tomato growth, the temperature will be a forcing function. 
• Control (unctions. These arc ulso parameters, except that they are allowed to 
change to see how their chanye affects systems dynamics. It is like tuning the 
knob on a radio set. Every time the knob is dialed to a certain position, but we 
know that it may vary and wilt result in a different performance by the system. 

Note chat in some texts parameters will he assumed only in the narrow sen** of 
constants chat may sometimes change, like the growth rate or half-saturation coef- 
ficients. However, this may he somewhat confusing, Since forcing functions are also 
such parameters if they are fixed. Suppose we want to run a model with the tem- 
perature held constant and equal to the mean over a certain period of rime - %ay, 
the 6 months of the growth season tor a crop. Then suppose later on we want to feed 
into the model the actual data that we have measured for temperature. Temperature 
is now no longer a constant, hut changes every day according to the recorded time 
series. Does this mean that temperature will no longer be a parameter? For any given 
moment u will still he a constant. It will only change from time to time according 
to the data available Probably, it would make ven^e still to treat it as a parameter, 
except now it will he no longer eurtStant hut will chunge accordingly. 

Suppose now that we approximate the course of temperatures by a function with 
some constants that control the form of this function. Suppose we use the sine func- 
tion and have parameters for the amplitude and the period. Now temperature will no 
longer be a parameter. Note lhat we no longer need to define all rhe values lor tern 
perature before we hit the "Run" button. Instead, temperature will become an inter- 
mediate variable, while we will have two new parameters in the sine function that 
now specifies temperature - one para meter (D = 4) wilt make the period equal to 6 
months, the other parameter (A) will define the ampiiiude and make the temperature 
change from a minimal value (0) to the maximal value (40, if A = 20) and back over 
this period ol time, as in die function: 



where £ is time, K is a constant n - 3-14, and A and H are parameters. It B = 2, then 
the period will change from 6 to 12 months. Both A and B are set before wc start 
running the model. 

There may he a number of w £ iy& to determine model parameters, including the 



1. Measurements in situ. This is prokihly the best method, since the measurements 
dehne the value of exactly what is- assumed in the imniel. However, such rueasuie- 
merits are the most labor* and cost 'intensive, and they also come with large mar- 
gins of error. Besides, in many cases such measurements may not be possible ar all, 
if :i p;ira meter repiescriu some a#gn?j*3ted value or ;tn extreme condition that may 
not occur in reality (for example, the maximal temperature for a imputation to 
tolerate - this may differ from one organism to another, and such conditions may 
be hard to find in reality). 



Temperature = A * SIN ; 
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2. Experiments in the lab {in vitro). These are usually performed when in siru exper- 
iments are impossible. Say we take an organism and expose it to high temperatures 
co find out the limits of its tolerance. We can create such conditions artificially in 
a lab, but we cannot change the temperature for the whole ecosystem. 

3. Values from previous studies found from literature, web searches or personal com- 
munications. If data ate available for similar systems, it certainly makes sense to 
use them. However, always keep in mind that there are no two identical ecosys- 
tems, so it is hkely that there will be some error in the parameters borrowed from 
another case srudy. 

4- Calibration (see Chapter 4). When we know what the model output should look 
like, we can always tweak some of the parameters to make the model perform at 
its best. 

5. Basic laws, such as conservation principles and therefore mass and energy balances. 

6. Allometnc principles, stoic hiome cry, and other chemical, physical, etc., proper- 
ties. Basic and derived laws may help to establish relationships between param- 
eters, and therefore identify at least some of them based on the other ones already 
measured or estimated. 

7. Common sense. This always helps. For example, we know that population num- 
bers cannot be negative. Setting this kind of boundary on certain parameters may 
help with the model. 

Note that in all cases there is a considerable level of uncertainty present in the val- 
ues assigned to various model parameters. Further testing and tedious analysis of the 
model is the only way to decrease the error margin and deal with this uncertainty. 

Creating a conceptual model is very much an artistic process, because there can 
hardly be any exact guidelines for that- This process very much resembles that of per- 
ception, which is individual to every person, There may be some recommendations 
and suggestions, but eventually everybody will be doing it in his or her own personal 
way- The same applies to the rest of the modeling process. 

When a conceptual model is created, it may be useful to analyze it with some tools 
borrowed from mathematics. In order to do this we need to formalize the model - that 
is> find adequate mathematical terms to desctibe our concepts. Instead of concepts, 
words and images, we need to come up with equations and formulas. This is not always 
possible, and once again there is no one-to-one correspondence between a conceptual 
model and its mathematical formalization. One fotmalism can turn out to be better 
for a particular system or goal than another. There are certain rules and recommenda- 
tions, but no ultimate procedure is known. 

Once the model is formalized, its further analysis becomes pretty much techni- 
cal. We can first compare the behavior of our mathematical object with the behaviot 
of the real system. We start solving the equations and generate trajectories for the 
variables. These are to be compared with the data available. There are always some 
parameters that we do not know exactly and that can be changed a little to achieve 
a better fit of the model dynamics to the one observed. This is the so-called calibra- 
tion process. 

Usually it makes sense to first identify those parameters that have the largest 
effect on system dynamics. This is done by performing sensitivity analysis of the model. 
By incrementing all the parameters and checking out the model inpur, we can iden- 
tify to which ones the model is most sensitive. We should then focus out attention on 
these parameters when calibrating the model. Besides, if the model has already been 
tested and found to be adequate, then model sensitivity may be translated into system 
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sensitivity: we may conclude that the system is most sensitive to certain parameters 
and therefore the processes that these parameters describe. If the calibration does not 
look good enough, we need to go back to some of the previous steps of our modeling 
process (reiterate). We may have got the wrong conceptual model, or we did not for 
malize it properly, or there is something wrong in the data, or the goals do not match 
the resources Unfortunately, once again we are plunged into the imprecise "artistic" 
domain of model revaluation and reformulation. 

If the ht looks good enough, we might 
want to do another test and check if the model 
behaves as well on a part of the data that was 
not used in the calibration process. We want 
to make sure that the model indeed represents 
the system and not the particular case that was 
described by [he data used to tweak the param- 
eters in our formalization. This is called the 
validation process. Once again, if the ht does not match our expectations we need to 
go back to the conceptualization phase. 

However, if we are happy with the model performance we can actually start using 
it. Already, while building the model, we have increased our knowledge about the 
system and our understanding of how the system operates. That is probably the major 
value of the whole modeling process. In addition ro chat we can start exploring some 
of the conditions that have not yet occurred in the real system, and make estimates 
of its behavior in these conditions. This is the ' what if?" kind of analysis, or the see- 
nario analysis These results may become important for making the right decisions. 

1.5 Model classifications 

There may he sev eral criteria used to classify models. We will consider examples of 
many of the models below in much more detail in the following chapters. Here we 
give a brief overview of the kinds of models that are out there, and try to figure ways 
to put some order in their descriptions- Among many ways of classifying the models 
we may consider the following 

1, Form: m which form is the model presented? 

* Conceptual (verbal, descriptive) - only verba] descriptions are made Examples 
include the following. 

- A description of directions to my home: Take Road 5 for 5 mites East, then take 
a left to Mam Si-tea and follow through tuo lights. Take a right to Cedar Lane. My 
house o 3333 on the left This is a spatial model of my house location relative 
to a certain starting point. I describe the mental model of the route to my 
house in verbal terms. 

- A verbal portrait of a person: He Is tail with red hair and green eyes, his cheeks 
are pate arid his nose is pimpled. His left em is larger than the right one and one of 
his front teeth n missing. This is a static verbal model of a person's face. 

- Verbal description of somebody's behavior When she wakes up in (he morn- 
ing, she is slow and sleepy until she has her first cup of coffee. After dial she starts 
to move somewhat faster arid has her bowl of cereal unth the second cup of coffee. 
Only that brings her back to her normal pace of life. This is a dynamic condi- 
tional verbal model. 



On.ce you. jiUK kzus utfAtrvtAttdiJid wiiA yowr 
m&dHj ym wuy realize tkat MmeiluHj k 
Jwwi^. It jr OK: qo b&ck And titiprav? the. -wiodei. 
Y&zl don't hold a. -model #&wu^ dmv+i a. ptr&t^kt 
f&ik, Ym hiUd a -iK&dHjmij Ik civctts. 
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- A verbal description of a rainfall event: Rainfall occurs every now and then, if 
temperature is heki/w a (C) (32 F) the. rain h called mom ami it is accumulated as 
SHQUf-OT ice cm the terrain. Otherwise it. comes tn liquid jorm and part of it infiltrates 
mo the subsurface layer and adds to the unsaturated storage underground. The rest 
$My& on the surface as surface water. 

♦ Conceptual WiiaigramiTiatici - in some 
ffi&Sfifc a good drawing may be worth a 
thousand woftk Examples include the 
following. 

- A digram thai may explain your 
model even better than words. 

- A drawing or an image li also a 
model. In some cases it can offer 
much more information than the 
verbal dcscfiptiQn, and may be also 
easier to understand and communi- 
cate among people. Also note that 
in some case* a diagram can exclude some of ihe uncer- 
tainties that may come from the verbal description For 
example, the verbal model cited above mentioned the 
left ear, hut Jid not specify whether it is the person 1 * 
left car 01 the persons lett ear as seen by the observer. 
This ambiguity disappears when [he image is offered. 

- Dynamic features can be included in an animation or a 
cartoon. 

- A conceptual model of the hydrologic cycle. 




we are here 



5 miles 





* Physical - a reconstruction of the real object at a smaller scale. Examples 
include the following. 
- Matchbox toy cars. 

RemcinhtT :lmse m;iiinti]innb they pui in c :.; ■ io crash them against 3 brick 
wall and see what happens to the passengers? Well those arc models of 
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humans. They are no good for studying 1Q ( bur they reproduce certain features 
of a human body that are important to design car safety devices. 

- An airplane model m a wind tunnel. 

- A fairly large (about 50-m long) model was created in the 1970s to analyze 
currents in Lake Balaton (Hungary). Large fans blew air over the model and 
currents were measured and documented. 

- A physical model to study stream flow (see Figure 1.1). 

• Formal (mathematical) - that is when equations and formulas reproduce the 
behavior of physical objects. Examples include the following. 

- Q = m C (C| — h) - a model of heat emitted by a body of mass m, when cool- 
ing from temperature £| to temperature l 2 . C is the heat capacity parametei. 

- Y = Va* 2 lIA - a model of an exponentially growing population, where Y is 
the initial population and d is doubling time. 

2. Time: how is time treated in the model? 

• Dynamic vs static. A static model gives a snapshot of the reality. In dynamic 
models, time changes and so do the variables in the model. Examples include 
the following. 

- A map is a static model; so is a photo. 

- A cartoon is a dynamic model. 

- Differential or difference equations are dynamic models. 

• Continuous vs discrete. Is time incremented step- wise in a dynamic model, or is 
it assumed to change constantly, in infinitesimally small increments' Examples 
include the following: 

- Yon may watch a roy car roll down a wedge. Ir will be a physical model wtrh 
continuous time. 

- Generally speaking, systems of differential equations represent continuous 
time models. 

- A difference equation is a discrete model. Time can change, but it is incre- 
mented in steps (1 minute, 1 day, I year, etc.) 

- A movie is a discrete model. Motion is achieved by viewing separate images, 
taken at certain intervals. 

• Stochastic vs deterministic. In a deterministic model, the state of the system 
at the next time step is entirely defined by the state of the system at the cur- 
rent time step and the transfer functions used. In a stochastic model, there may 
be several future states corresponding to the same current state. Each of these 
future states may occur with a certain probability. 

3. Space: how is space treated in the model? 

• Spatial vs local {box- models). A point model assumes that everything is homo- 
geneous m space. Either it looks at a specific locality or it considers averages 
over a certain area. A spatial model looks at spatial variability and considers 
spatially heterogeneous processes and variables. Examples include the following. 

- A demographic model of population growth in a city. All the population 
may be considered as a point variable, the spatial distribution is not of inter- 
est, and only the total population over the area of the city is modeled. 

- A box model of a small lake. The lake is considered to be a well-mixed con- 
tainer, where spatial gradients are ignored and only the average concentra- 
tions of nutrients and biota are considered. 

- A spatial hydro logic model. The watershed is presented as an array of cells 
with water moving from one cell to another downhill, along the elevation 
gradient. 
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• Continuous vs discrete. Like time, space may be represented either as continu- 
ous or as a mosaic of uniform objects. Examples include the following. 

- A pointing vs a mosaic. Both represent a spatial picture and both look quite 
similar from a distance. However, at close observation it is clear that smooth 
lines and color changes in a painting are substituted by discrete uniform ele- 
ments in the mosaic, which change their color and shape in a stepwise manner, 

- Differential equations or equations in partial derivatives are used for con- 
tinuous formalizations. 

- Finite elements or difference schemes are used to formalize discrete models. 

4. Structure: bow is the model structure defined? 

• Empirical (black-box) vs process-based (simulation) models, in empirical mod- 
els, the output is linked to the input by some sort of a mathematical formula 
or physical device. The structure of the model is not important as long as the 
input signals are translated into the output ones properly - that is, as they are 
observed. These models are also called black-box models, because they operate 
as some closed devices on the way of the information flows. In process-based 
models, individual processes are analyzed and reproduced in the model. In any 
case, it is not possible to go into all the details or to describe all the processes in 
all their complexity (it would not be a model then). Therefore, a process -based 
model may be considered as being built from numerous black boxes. The individ- 
ual processes are still presented as closed devices or empirical formulas; however, 
their interplay and feedbacks between them are taken into account and analyzed. 

• Simple vs complex. Though qualitatively clear, this distinction might turn out 
to be somewhat hard to quantify. It is usually defined by the goals of the model. 
Simple models are built to understand the system in general over long time 
intervals and large areas. Complex models are created for detailed studies of par- 
ticular system functions. The increased structural complexity usually has to be 
compensated by coarser temporal and spatial resolutions. 

5. Method: how is the model formulated and studied: 

• Analytic vs computer models. Analytical models are solved by finding an ana- 
lytical mathematical solution to the equations. Mathematical models easily 
become too complex to be studied analytically. Instead, numerical methods are 
derived that allow solving equations on a computer. 

• Modeling paradigm. 

- Stock-and -flows or systems dynamics models assume that the system can 
be represented as a collection of reservoirs (that accumulate biomass, 
energy, material, etc.) connected by pipes (that move the material between 
reservoirs). 

- Individual- (or agent-) based models. These describe individual organisms as 
separate entities that operate in time and space. There are rules that define 
the behavioi ol these agents, theii growth, movement, etc. 

- Network -based models. 

- Input/output models. 

- Artificial neural networks. 

6. Field-r elated classification: what field is the model m (e.g. ecology)? 

• Population models. These are built to study the dynamics and structure of 
populations. A population is easily characterized by its size, which may be why 
population ecology is piobably the most formalized branch of ecology. 
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• Community models take several populations and explore what happens when 
chey interact. The classic predator-prey or host-parasite systems and models of 
trophic interactions are the most prominent examples. 

• Ecosystem models attempt to represent the whole ecosystem, not just some 
components of it. For example, a model has been developed for the wetland 
ecosystem in the Florida Everglades (http://my.sfwmd.gov/pls/portal/url/page/PG_ 
S FW M D_H ES M/PG_SFW M D_H E SM _ELM Ma vpage =e Im ) . It includes the 
dynamics of water, nutrients, plants, phytoplankton, zooplankton and fish. The 
goal is to understand how changes in the hydro-period affect the biota in 
that area, and how the biora (plants) affects hydrology. 

7* Purpose: what is the model built for? 

• Models for understanding would normally be simple and qualitative, focusing on 
particular parts or processes of a system - for example, the predator-prey model 
that we consider m Chapter 5. 

• Models for education or demonstration. These are built to demonstrate particu- 
lar features of a system, to educate students or stakeholders. For example, the 
we lb known Daisy World model is used to demonstrate how the planet can self- 
regulate its temperature, using black and whice daisies (See http://www. infor- 
matics. Sussex. ac.uk/research/projects/daisyworld/daisyworld. html for more about 
the model or http://hbrary.thinkquest.org/C003763/flash/gaial.htm for a nice 
Flash animation). 

• Predictive models are detailed and scrupulously tested simulations that are 
designed to make real decisions. A perfect example is a weather model that 
would be used for weather forecasts. 

• Knowledge bases. Models can serve as universal repositories of information 
and knowledge. In this case, the model structure purs various data in a context 
providing conceptual links between different qualitative and quantitative bits 
of information. For example, the Mulci-scale Integrated Models of Ecosystem 
Services (MIM.ES ~ http://www.Li vm.edu/giee/mimcs/) organizes an extensive 
body of information relevant to ecosystem services valuation in five spheres: 
anthroposphere, atmosphere, biosphere, hydrosphere, and hthosphere. 



1 .6 Systems thinking 

In more recent years, people have really starced to appreciate the importance of che 
systems appioach and systems analysis. We are now talking about a whole new mindset 
and worldview based on this understanding of systems and the interconnected- 
ness becween components and processes. With systems we can look at connections 
between elements, at new properties that emerge from these connections and feed- 
backs, and ac the relationships between the whole and the part. This worldview us 
referred to as "systems thinking." 

The roots of systems thinking go back to studies on systems dynamics at MIT led 
by Jay Forrester, who was also the inventor of magnetic-core memory, which evolved 
into the random access memory' used in all computers today. Even though back in 
1956 he never mentioned systems thinking as a concept, the models he was building 
clearly chiseled ouc the niche that would be then filled by this type of holistic, inte- 
grative, cross-disciplinary analysis. With his background in electrical and computer 
engineering, Forrester has successfully applied some of the same engineering principles 
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to social, economic and environmencal problems. You can find a certain resemblance 
becween electric circuits and systems diagrams that Forrester has introduced. The deles 
of his most famous hooks, Industrial Dynamics (1962), Urban Dynamics (1969) and 
World Dynamics (1973), clearly show the types of applications that have been studied 
using this approach The mam idea is to focus on the system as a whole. Instead of 
traditional analytical methods, when in order to study we disintegrate, dig inside and 
study how parts work, now the focus is on stud=ying how the whole works, how the 
parts work together, what the functions are, and what the drivers and feedbacks are. 

Forrester's works led to even more sophisticated world models by Donella and 
Dennis Meadows. Their book, Limits to Growth (1972), was published in paperback 
and became a national bestseller. Systems dynamics got a major boost when Barry 
Richmond at High Performance Systems introduced Stella, the first user-friendly 
icon- based modeling software. 

Despite all the power and success of the systems dynamics approach, it still has 
its limits. As we will see later on, Stella should not be considered to be the ultimate 
modeling tool, and there are other modeling systems and modeling paradigms that 
are equally important and useful. It would be wrong to think that systems approach 
and the ideas of systems thinking are usurped by the systems dynamics methods. 
Systems can be described m a variety of different ways, not necessarily using the 
stock-and-flow formalism of Stella and the like. 

Systems thinking is more than just systems dynamics. For example, the so-called 
Life Cycle Assessment (LCA) is clearly a spin-off of systems thinking. The idea of 
LCA is that any economic production draws all sorts of resources from a wide variety 
of ateas. If we want to assess the true cost of a certain product, we need to take into 
account all the various stages of its production, and estimate the costs and processes 
that are associated with the different other products that went into the production 
of this one- The resulting diagrams become very complex, and there are elaborate 
databases and econometric models now available to make these calculations. For 
example, to resolve the ongoing debate about the efficiency of corn-based ethanol as 
a substitute for oil, we need to consider a web of interactions (Figure 1.6) that deter- 
mine the so-called Energy Return on Energy Invested (EROEI). The idea is that you 
always need to invest energy to derive new energy. If you need to invest more than 
you get, it becomes meaningless to run the operations. That is exactly why we are 
not going to run out of oil, What will happen is it will become more expensive in 
terms of energy to extract it than we can gam from the product. That is when we 
will stop pumping oil to burn it for energy, but perhaps will still extract it lor other 
purposes, such as the chemical industry or material production. 

So if e mi is the amount of energy produced and e in is the amount of energy used 
in production, then EROEI, e = e ou ,/e m . In some cases the net EROEI index is used, 
which is the amount of energy we need to produce to deliver a unit of net energy to 
the user: e' = e om /(e tnir — e lv J. Or e' = e/(e- 1). As we unwind the various chains of 
products and processes that go into the production of energy from corn, the EROEI 
dramatically falls. The current estimate stands at about 1.3, and there are still some 
processes that have not been included in this estimate. A true systems thinking 
approach would require that we go beyond the processes in Figure 1.6 and also look 
at social impacts as well as further ecological impacts, such as the eminent deforesta- 
tion that is required for expanded corn production, and the loss of wildlife that will 
follow. Taking all that into account, the question arises: with an EROEI of 1,3 or 
less, is it worth it? To compare, the EROEI for etude oil used to be about 100; nowa- 
days it is falling to about 10. 
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Hall, -0, nnd Day, J. (1977). EcGi?s&mi Modeling in Theory and Fiacuce. An Inixoducttm une^i 
Qa$e Hur&rics. Wiley. - Afi fvcciJcnr co/fcaion ®f papers on tfu 1 f/ic^n; 0/ rnoc£?liri| iJJu5ir«nr^d ^ 
a variety of models fivm very different nets of life 

Fttfd, A. (1999). Made I 'tig ritt frwonttieftL Island Pre«. - An eritive/y SieiirJ tassel re.vrJwok 
CSfacs a ne^i mtrtifiu£'tf«wi to modcrlmg the u^> 11 car. be /x^MTnt-d without T^ally hnywmg what is 
gamg on beneath the Slp.IIi. mii&face. Tht> book ts perfect for a mtuhemvincaily deprived modeler 

Bcrlinski, D. (1978). On Systems Analysis . An Essay Qancerrang lh? Limmtiuris of Some 
Mathematical Methods in th.% Social, Political, and Biofogiml Sciences. M!T Press. - A curious 
culkcuun -of critiques of some very famous models. M03 he Hcommend&i to Inner iindmt&jd that 
mod&i are not the idnmate solution, that there, are always cermm limhadtms 10 their use and that 
these limitations should be explicitly made part of the model. 

There is some cannot'em about -who actually said, ''AH modch arc wonfi. M Sojiu- models are use- 
ful''' . Acc&dtng to some texts if uta WdUam Dewing, at least that is wim: McCoy claims m hh w\kc* 
non of quotes McCoy. R. ( 1994). The Best of Demmg, Sciicisrical Paices* Control Press, However, 
other* aiifibwte it tu Geoige E.R Box to "Robustness m the stawejj? of scientific mudd build- 
ing' h , page 202 ut Robustness in Statistics (1979), Launer, R.L. ;inJ Wilkinson G.N.. KdnorS- 
Academic Pre**. Aixti all it doesn't really matter w\\^ said it hist; ir is Certairtly very true. 
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Saaty. T.L. (1982). Decision Making for Leaders. Lifetime Learning Publications, p. 28 - This 
is -not exactly related to modeling but gives a good analysis of hierarchies and their applications in 
decision making. Saaty distinguishes between structural and functional hierarchies. In structural 
hierarchies systems are decomposed into their constituent pans in descending order accordmg to 
structural properties such as size, shape, color, age, etc This is the type of hierarchies most useful 
m building process -based models. Saaty is analyzing functional hierarchies that are created accord- 
ing to the essential relationships between the elements. His hierarchies are essential to analyze the 
decision making process and help in conflict resolution 

Some philosophical interpretations of hierarchies can be found in Haught, J F. (1984). The 
Cosmic Adventure- Science, Religion and the Quest for Purpose. Paulisr Press (also available online 
ac hccp-//www.religioivonhne,org/showchapcer.asp- ? ricle = 1948&.C= 1814) An interesting analysis 
of hierarchical levels and then interaction is pa-formed by Fiebleman, J. (1954). Theory of Integrative 
Levels. The British Journal for the Philosophy of Science, 5 (17): 59-66. 

There is more on smtainabibty m Cl\apter 7, The Bntntland Commission report gives a good introduce 
don to the concept: WCED (World Commission on Environment and Development, 1987). Our 
Common Future. Oxford Universiry Press. Some of the issues related to hierarchy theory are pre- 
sented by von Berralanfy, L. (1950). An Outline of General System Theory. The British Journal 
for the Philosophy of Science, 1 (2)- 1 34-165. for more on how sustamabdity relates to longevity 
and eventually - to hierarchies see: Costama, R , and Patten, B. (1995). Defining and predicting 
sustainability. Ecological Economics: 15, 193-196. Far an overview of sustainability, us definitions, 
and how different it can be m different hierarchical levels see Vomov, A. (2007). Understanding and 
communicating sustainability : global versus regional perspectives. Environ. Dev. and Sustain, (http:// 
www.springerlink.com/content/e77377661p8i2786/). If you want to see how this can be related to 
discounting, see Vemov, A. and Farley, J. (2007). Reconciling Sustainabiliry, Systems Theory 
and Discounting. Ecological Economics, 63:104-1 13. 

The modeling {nocess is very well described by Jakeman, A ).. Letchei R A. and Norton J. P. 
(2006). Ten iterative steps in development and evaluation of environmental models. 
Environmental Modelling and Software- 2 1 ( 5): 602-614. 

There are quite a few web sites on Systems Thinking. htrp://www.rhesystems thinker.com/syscem- 
sthinkinglearn.html gives a good overview of the field. Another good introduction is available at 
http://www.think1ng.net/System5_Thinking/lntro_to_ST/intro_to_st.html 

The several classic books tfvat led to many concepts of systems thinking are by I.Forrester: (1969). 
Urban Dynamics. Pegasus Communications, Inc.; (1962) Industrial Dynamics, The M.I.T Press 
Cx )ohn Wiley &. Sons.; (1973) World Dynamics, Wright-Allen Press; and a general overview in 
his J 968 book. Principles of Systems, Pegasus Communications. 

Another classic is the book by Meadows D. H., Randers U, and Meadows D. L. (1972), Limits to 
Growth. Signet. Its paperback edition was a bestseller at that time. More recently the topic was revis- 
ited in the 2004 edition. Limits to Growth: The 30 -Year Update, Chelsea Green, 368 p. 
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1 Conceptual model 

2 Modeling software 

3 Model formalization 



"How to avoid false proof? 

1. allow no hasty and predetermined judgment; 

2. decompose each difficult problem into simple ones that you can resolve; 

3. always start with simple and clear, and gradually move on to more 
complex; 

4. make complete surveys of all done before and make sure that 
nothing is left aside." 

Descartes 



SUMMARY 

There is really a loi of art in building a pood model. There are no clear rules, only 
guidelines for good practice- These are constantly modified when required by the 
goals of modeling, the data available, and the particular strengths and weaknesses 
of the research team. In many ca$e$ it is possible to achieve the safnt" level of success 
coming from very different directions, choosing different solutions. However, there 
are certain steps or stages that are common to most models. lr is important to under- 
stand these and learn to apply them. Any system can be described in the spatial, 
temporal and structural context. It is important to be clear about these three dimen- 
sions in any model, to avoid inconsistencies or even errors. 

We start with a conceptual model describing the system in general terms, qualita- 
tively. If needed , we will then find the right quantitative formal i nations for the proc- 
esses involved. We may apply theoretical knowledge or reiy on data from another 
similar system to do this, or we can base our search on data chat are available only 
for the particular system we are studying and try to reproduce these in our equations. 
As a result, we will get either process- based or empirical "black-box 11 models. They 
both have their strengths and weaknesses, 

A brief introduction to Stella, a systems dynamics modeling package, is pre- 
sented, with step- hy seep instructions for model building using this formalism. 
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It is important to have a version of this or other Similar software (Madonna, Simile, 
Vcnsim, or the like) and start practicing, since modeling is like playing a piano - it is 
hard ro learn to dn it only by reading hooks and listening to lectures. You have to get 
your kinds dirty and do it yourself". 

Keywords 

Time, space, structure, conceptual models, resolution, Superfund, biological time, 
grids, black box models, empirical models, process-based models, Bonn mi's paradox, 
systems dynamics, software, Stella, stocks and flows, exponential growth, limiting 
factors, Michael is- Men ten function. 

* A- 

There is no predefined prescription for how to build a good model Jt is the model- 
building process itself that is most valuable for a better undemanding of a system, for 
exploring - he interactions between system components, and for identifying the pos- 
sible effects of various forcing functions upon the system. Once the model has been 
built ii b a useful tool to explain the system properties, and in some cases may lead 
to new findings about the system, hut ir is clearly the process of modeling that adds 
most to our knowledge about and understanding of the system. 

Even though we do not know the ultimate mode I -making algorithm, we are 
aware of some key rules that are always useful to keep in mind when creating a model. 
By adhering to them, a jireat deal of frustration and various crises can be avoided. The 
list of such rules can be quite long, and varies slightly for every modeler and every 
modeled system. Therefore, as in arc in modeling - experience is probably the most 
valuable asset, and there is no way to avoid all eirors. We can only try to decrease 
their number 

2.1 Conceptual model 

In most cases, the modeling process starts with a conceptual model. A conceptual 
model ib a qualitative description of the system, and a ^ood conceptual model is hall 
the modeling effort. To create a conceptual model, we need to study the system and 
collect as much information as possible both about the system irsell and about simi- 
lar- systems studied elsewhere When creating a conceptual model, we start with the 
goal of the study and then try to explain the system that we have in terms that would 
march the goal. In designing the conceptual model, we decide what temporal, spa- 
tial and structural resolutions and ranges are needed for our study to reach the #oal. 
Reciprocally, the conceptual model eventually becomes important to refine the goal 
of model development. In many cases the goal of the study is quite vague, and it is 
only after the conceptual model has been created and the available data sets evalu- 
ated that the goals of modeling can liecume clear Modeling is an essentially iterative 
piocess. We cannot prescribe a sequence of steps that take us to the goal; it is an 
adaptive process where the target is repeatedly adjusted and moved as we go along, 
depending both on our modeling progress and on the external conditions that may 
be changing the scope of rhe study. It ts like shouting at a moving target - we cannot 
make the target stop to take a good aim and then start the process; we need to learn 
to readjust, to refine our model as we go- Building a good concept ua I model is an 
important step on this path, 



The Art Of Modeling 31 



Temporal domain 

In che temporal domain, we first figure out the specific rates (resolution) of the mam 
pro cesses that we are to model and decide for how long (range) we want to observe 
the? system If we are looking at bacterial processes with microorganisms developing 
and changing the population sue within hours, it is unlikely that we wuuid want to 
track such a system foi over a hundred years On the other hand, if wo are modeling 
a forest we can probably ignore the processes that are occurring within an hour, but 
we would want To watch this system for decades or even centuries. 

If there is little change registered over the study period, the model may not need 
to be dynamic, It may he static and focus on other aspects of the system. For example, 
a photo can be a snapshot that captures the state of the system at a particular moment, 
or a series of snapshots can be averaged over a certain time interval In a way every 
photo is like that, 
since ir is never 
really instantaneous. 
Some time needs to 
pass between the 
moment the shut- 
ter opens and the 
moment it closes. A 
picture on a photo 
can be just a little 
bit blurred, repre- 
senting the change 
in the system while 
the shutter was 
open, and we may 
not even notice it 
if the exposure was 
short enough. In 
some photos where 
the exposure was 
not set right this 
comes out quae 

clearly, and in most cases the.se photos end up in the trash bin, except when we acru- 
ally wanted to see the trajectory of die object while it was moving and intentionally 
kept the shutter open for a while- That would be a static representation of a dynamic- 
system, in a way showing its average state, 

ll temporal change is important, we need to identify how this change occurs- In 
reality, time is continuous. However, in some cases it may be useful to think of time 
as being discrete and to describe the system using event-based formalism. Or we can 
think of change in time as a sequence of snapshots A sei its of snapshots creates a 
better representation of dynamics. That is how a movie is made, when by alternating 
many static images we cieate the feeling of moving objects. 

If a dynamic approach 13 selected and warranted to answer the questions posed 
in the study, we should start thinking about the appropriate resolution of our tempo- 
ral model. To have the movie smoothly rolling, we need to display at least 16 snap- 
shots per second. In this model that we watch on the screen, the temporal resolution 
is then one ^xreenth of a second. This resolution is dictated by the goal, which is 



1 




A photo as a snapshot may net be an instantaneous 
model: It may actually represent averages over time for 
certain system components 
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Figure 2.3 



colls 



Uniform grid of equal square 



A watershed is represented by different landuse 
types, The grid simply mimics The raster information 
that comes from a landuse map. The cell is given 
the attribute of the landuse that covers The largest 
proportion of the area of a cell. 



impossible to work with. Again, depending upon the system specifics and the goal of 
our model, we would wane to use difr'erenc spatial resolutions. 

It is not ju$t the size of the grain that is important; the form of the grain also 
matters. Should we use a grid ot uniform, equal-sized square cells, as we would do on 
a rasterized map (Figure 2,3) I Or perhaps the cells should nut he uniform, represent- 
ing the actual configuration of the ecosystem ? And where do we draw the boundary 
in this case - especially if there is an exchange of material across the boundary, as 
is the case at the outlet of a hay? And hnw small should the cells be (Figure 2.4); 
Perhaps a triangulated grid would be better (Figure 2.5)- This certainly works bet- 
ter if we have non -uniform spatial complexity and nerd to describe certain spatial 
entities m more detail than others. Suppose we model a watershed, k makes sense 
to have finer resolution along rhe river to capture some of the effects of the riparian 
zone. On the other hand, vast stretches of forest or agricultural land may be pre- 
sented as spatially homogeneous entities - there is no need to subdivide them into 
smaller areas- The boundaries may aUo need a higher resolution A triangular grid 
serves these purposes really well. Bi_t then other considers [ions also come into play: 
What data do we have- How much complexity can we afford with rhe type of com- 
puter that we hive ;it our disposal I What are the visualization tools that we have to 
make the most of the model results? 

Maybe instead of triangles we prefer to use hexagons (Figure 2.6). These can do 
a better job describing dispersion, since they measure about the same distance from 
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UmSSC&fl Polygons as spatial compartments. 

The area is described by much smaller number of entities. Flows between compartments need special 
attention. In most cases they are connected wrth some other processes, like river flow, for example 

the center to the boundary and t hey ate symmetrical in terms of diagonal flows. No 
matter m which of the six directions we go, the links with nes^h boring cells will he 
the same This is nos so m the case of square cells, tf we want them to communicate 
with eight surrounding cells, assuming diagonal flows. 

Perhaps polygons could be used, as in the case ot vectnr^ased Geographic 
Information Systems (013) such as ArclNFQ (Figure 2.7). Here the space is described 
by polygons, which are presented in terms of vectors of coordinates for all vertices of 
the polygons Converting regular continuous geographic maps into vector- based dig- 
ital sets is usually performed in a tedious process of "digitizing/' using special equip- 
mem that registers the coordinates of various points chosen along the boundary. The 
more points you choose to describe the polygon that will approximate the area digi- 
tized, the higher the precision of the digital image and the closer it is to the original. 

Polygons are good for map and image processing, since they create a digital 
image that is more accurate with far less information to store. To achieve the same 
accuracy with raster maps, we would need many more cells and therefore much larger 
data sets. However, fur purposes of modeling* polygons are quite hard to handle i\ 
you want to streamline processing Each polygon is unique, and needs to be spe- 
cially defined. It something changes - say, land is converted irom one landuse type 
to another - then the model may need to be reinitialized. Triangular grids seem to 
present a good compromise, offering greater flexibility: the size of each triangle might 
vary, yet it is still a triangle, with three boundaries and three vertices, and each can 
be handled in a similar way in the model 

Chousing the right spatial t^preseittatidn and designing a good spatial grid is a 
craft in its own nyht As you have seen, there are uniform and non-unifotm grids, 
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triangular* hexagonal, square, etc. grids. For a complex model of $ large spatial object, 
say the Chesapeake Day or an ocean, the design of a grid can cake many months if not 
years. There ire also software tools that help to design the right grid. Model performance 
and even results can change substantially when switching from one grid to another, so 
the importance of this step in the model -building process should not be underestimated 

Structural domain 

Finally, we decide how to represent the structure of the system. One important dis- 
tinction is between empirical and prtn ess -based models (Figure 2,6). An empirical 
model may be considered as a lL Mack box," which takes certain inputs and produces 
out purs in response re the inputs. Perhaps because we do not know, or do not care, 
or cannot afford greater computing resources or faxer deadlines, we make a deliberate 
decision not to consider what happens and how inside the hi tick hox that presents 
the -system. The internal structure in this case is not analyzed, and our only goal is 
to find the appropriate function to translate inputs into outputs. This is usually done 
by statistical methods. We have information about the data sets that describe the 
inputs, and we have the data regarding output values. We then fry to represent the 
numerical values of outputs as mathematical functions of inputs, Below, we will con- 
sider an example of how this can he done. 

In the case of a process-based or mechanistic model, we attempt to look inside 
the black box and try tu identify some of the processes that itccur in (he system, ana- 
lyze them and represent them in a scries of equations. Process- based models employ 
the additional information about the system that we may h;ive from previous studies 
of analogous systems, or about the individual processes that we are looking at. They 
may use certain theoretical knowledge coming from a variety of disciplines. In this 
sense, a process-based model may be even more useful than the information avail- 
able about the system .studied. 

It should he noted, though, that all process-based models are still empirical, in 
a sense. We can never describe all the details t if all the processes to a system. It is 




B inputs 

&l ► 




outputs 



Figure 2.8 



A. A black-box model, where the output is calculated as a function of the inputs: 
b t - /.{a,, a^a^a*), without looking at what is happening inside the system. B. A white-box model where the 
structure o*f the system is analyzed and represented in the model. 
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just chat we go mm further depth in the system, providing more detail about the 
processes in it. Yet we still end up with certain black boxes, which we do not wish to 
or cannot consider in any more detail. If that were not the case, we would hardly be 
accomplishing the major goal of any modeling effort, which is a simplification of the 
system description. We would be ending up with models as complex as the original 
systems, and therefore delivering little value for purposes of synthesis. 

If we choose to build a process- based model, we may start describing the struc- 
ture by using a diagram, representing the major components of the system: variables, 
forcing functions and control functions. 

When deciding on the model structure, it is important to match the structural 
complexity with the goals of the study, the available data, and the appropriate tempo- 
ral and spatial resolution. For example, if we are modeling fish populations (Figure 2.9), 
which grow over several years, there is little use in considering the dynamics of bacte- 
rial processes, which have a specific rate of hours. In this case we may consider the 
bacterial population to be m equilibrium, quickly adapting to any changes occurring m 
the system in "fish time", which is weeks or months. We may still want to consider the 
bacterial biomass for mass balance purposes, but in this case it makes perfect sense to 
aggregate it with the detrital biomass. 

However, certain fast processes may have a detrimental effect upon the system. 
For example, ic is well known that fish kills may occur during night-time and in the 
early morning hours, when there is still no photosynthesis, but only respiration from 
algae in the system. As a result, the oxygen content may fall below certain threshold 
levels. The oxygen concentrations in this case vary from hour to hour, whereas fish 




mm\*\ 9 ,\K'mfl'M Conceptual model of a fishpond. 

This model is not very detailed, ft represents the chosen state variables and some of the forcing functions 
(fertilizers, feed). It is not clear whatthe other forcing functions involved are, such as environmental, climatic 
conditions. There is also no indication of the spatial and temporal scale. Apparently this information is 
contained in the narrative about the model that usually goes together with the diagram. 
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\Hypo1imnion 



[PIS|^- [POSl Sediments |NQS| — H^sHS 



Figure 2.10 



Conceptual model of a lake ecosystem structure 
The model structure is different for the different spatial segments used in the mode). 



biomass changes much more slowly. We might want to consider oxygen as pare of the 
system, to make sure that we do not miss such critical regimes. 

In the lake ecosystem model shown in Figure 2TQ, in addition co trophic rela- 
tions certain spatial properties are present The diagram shows how the model struc - 
ture is presented in the three vertical segments that describe the pelagic part of 
the lake. In the upper part three phytoplankton groups ( Al , A2, A3) are present; 
they are food fur soup lank ten (Z) and fish (K). Various forms of nutrients (organic 
and inorganic nitrogen (NOW, NIW) and phosphorus (PGW, PIW) are supplied 
by decomposition of detritus (D). In the bottom segments, there are no biota, only 
nutrients (PIS, PGS, NOS, NIS) and detritus. 

Conceptual models may present mote than flows of material Figure 2d i shows 
a diagram used in a simple model developed to analyze sustainable development tn a 
socio economic and ecological system The model will be considered in more detail 
in Chapter 7. Here, note that, in addition to the variables, the diagram also contains 
information about the processes and their causes. It describes both the flows oi mate 
rial and information m the system. 

When making all these decisions about the model structure, its spatial and tem- 
poral resolution, we should always keep in mind that the goal of any modeling exer- 
cise is to simplify the system, to seek the most important drivers and processes. If 
the model becomes too complex to grasp and to study, its utility drops. There is lit- 
tie advantage in substituting one complex system that we do not understand with 
another complex system that we also do not understand. Even if the model is simpler 
than the original system, it is quite useless if it is still too complex to shed new light 
on the system and to add to the understanding of it. Even if you can perform experi- 
ments on this model that you might not be able to do in the real world, is there 
much value in that if you cannot explain your results, figure out the causes, and have 
any trust in what you are producing? 
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Forrester's formalism for conceptual diagrams. 
The rate and the level are I wo mam icons that can be used to put together more complex diagrams such as the 
one for the insect population (from: http Avww.ento vt.edu/-sharov/PopEcol/lec1/struct html). 



models tor such systems as cities, industries and even the whole world. Simitar formal 
ism was later used in several modeling software packages, 

Odtim created another set of symbols to model systems based on the energy 
flows through them. He called them energy diagrams, and used six main icons (see 
Figure 2 13} All systems are described in terms of energy, assuming that tor all varia- 
bles and processes we can calculate the "embodied" energy. In this case, energy works 
as s general currency to measure all processes and "things " 

In many software packages (like some of those considered in the next para 
graph), conceptual diagrams are used to input the model. For example, one of the 
reasons that systems dynamics software such as Stella became so popular in modeling 
is that they are also handy tools to put together conceptual diagrams, and, more- 
over, these diagrams are then automatically converted into numeric computer mod- 
els. Figure 2 14 presents a sample conceptual model tor a river system put together on 
the Stella interface. It describes the river network as a combination of su b watersheds, 
river reaches and reservoirs The Stella interface can be used as a drawing board to 
put together various conceptual diagrams and discuss them with other people in a 
process known as participatory modeling. In this case, the major value of the interface 
is that it is possible to easily add or delete variables and processes and immediately 
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see the impact on model performance. The model itself becomes a tool for delibera - 
tion and consensus building 

Very similar diagrams can be put together using other systems dynamics soft 
ware, such as Madonna, Vensim, Poweisim or Simile. In these software packages, 
<L stock-and-tlow" formalism is used to describe the system The diagrams a:e nisei 
known as flow diagrams, because they represent how material flows through the 
system. 

As we will see below, a somewhat different formalism is used in such packages 
as ColdSim, Simulink and Extend. Here we have more flexibility trt describing what 
we wish to do in the model, and the model does not present only stocks and flows 
Groups of processes can be defined as submodels and encapsulated into special icons 
that become part of the icon set used to put together the diagrams. As usual, we 
get more functionality and versatility at the expense of a steeper learning curve and 
higher complexity of design 

Yet another option m building conceptual diagrams is provided by the Universal 
Modeling Language (UML} : which is a standardized specification language for nbjecc 
modeling. It is designed as a diagrammatic tool that can be used to build models 
as diagrams, which can be then automatically converted into a number of object- 
oriented languages, such as Java, C++, Python, etc (n rhis case you are actually 
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Using Stella to create conceptual diagrams as stock-and-flow representations of 



processes in systems. 



almost writing computer code when developing the conceptual model. Once again, 
even more universality and almost infinite flexibility is achieved at the price of yet 
greater effort spent in mastering the tool. Figure 2.15 presents, a sample conceptual 
diagram created in UML to formulate an agent-based model of a landscape used by 
sheep farmers, foresters and National Park rangers, who are interacting on very dit 
ferent temporal and spatial scales with different development objectives (sheep pro- 
duction, timber production and nature conservation^ respectively). 

There are several types of diagrams that can be created using UML. One of them 
is the activity diagram, which describes the temporal dimension of your model. The 
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A LJ ML class diagram of a system can be used both as a conceptual diagram and as a 
way to program the model (from: http //|asss soc surrey.ac jk/6/2/2 html, reproduced with kind permission of 
the Journal of Artificial Societies and Social Simulation, Centre fnr Research on Social Simulation, Surrey). 



class diagram presented in Figure 2. 1 5 in a way corresponds ro the structural dimen- 
sion, but also has elements of the spatial representation such as that displayed in the 
lake model in Figure 2-10. Most software tools designed to create UML diagrams, 
such as Visual Paradigm (hctp // www. visual- paradigm.com/prodLicc/vpiai-il/), also pro- 
vide code generators that will convert your UML diagram into computer code in a 
language of your choice 



48 Systems Science and Modeling for Ecological Economics 



More recently, there have been attempts to standardize the conceptual, diagram- 
matic representation of systems using domain oncologies- A domain ontology repre- 
sents a certain domain, ecosystem or part of an ecosystem by defining the meaning 
of various terms, or names as chey apply to chose ecosystems. The idea is to define all 
the various components of ecosystems and present their interactions in a hierarchi- 
cal way, so that when you need to model some part of the world you can pull out 
the appropriate set of definitions and connections and have your conceptual model. 
Several formal languages have been proposed to describe such ontologies. Among 
them, OWL is probably the best known, and is designed to work over the World 
Wide Web. It is yet to be seen how these oncological approaches will be accepted 
by the modeling community. As with other attempts to streamline and automate 
the modeling process, we may be compromising its most essential part - that is, the 
exploration and research of che system, its elements and processes, at the level of 
detail needed for a particular scudy goal. Any attempt to automate this part of the 
modeling process may forfeit the exploratory part of modeling and thus diminish the 
new understanding about the system that the modeling process usually offers. 

To conclude... 

Conceptual diagrams are powerful modeling tools that help design models and com- 
municate them to stakeholders in case of a collaborative, patticipatory modeling 
effort. In most cases, budding a conceptual diagram is the first and very important 
step in the modeling process. 

"A maxim for the mathematical modeler: start simply and use to the fullest 
resources of theory/' 

Berlinski 

When making decisions regarding a model's structure, its spatial and tempo- 
ral resolution, we should always keep in mind that the goal of any modeling exer- 
cise is to simplify the system and to seek the most important drivers and processes 
(Descartes s second principle). If the model becomes too complex to perceive and to 
study, its utility drops. As stated above, there is little gam in substituting one com- 
plex system that we do not understand with another complex system that we also do 
not understand. Even if the model is simpler than the original system, it is useless if 
it is still too complex to shed new light and to add to the understanding of the sys- 
tem. So our first rule is: 

KEEP IT SIMPLE 

It is better to start with a simplified version, even if you know it is unrealistic, 
and then add components to it. It helps a lot when you have a model that always 
runs and the performance of which you understand. This is much better than putting 
together a model that has everything in it to satisfy the most general goals and 
requirements. Complex models are hard to handle, they tend to go out of control, 
they behave counter-intuitively and produce unreliable and uncertain results. At 
every step of model development you should try to have a running and tested ver- 
sion of the model, and you can then build more into it. You will then always know 
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at what point the model fails and no longer produces something reasonable, and thus 
what kind of recent changes have caused rhe problem. Our second rule is: 

KEEP IT RUNNING. KEEP TESTING IT 

Everything you know about the system is good tor the model. The more you 
know about the system, the better the model However, that does not mean that 
all the available data and information from previous or similar studies have to end 
up as part of the model. Modeling and data collection are iterative processes; one 
drives another. You never know which data at what stage ot the modeling study will 
be required, and how these will modify your interpretation and understanding of the 
system. At the same time, one of the most important values of the modeling effort is 
that it brings together all rhe available information about the system in an organized 
and structured format. The model then checks that these data are full and consist- 
ent. Even if the model turns out to be a failure and does not produce any reliable 
predictions and conclusions, by bringing the data together new understanding is ere- 
ared and important gaps in our knowledge may be identified. So the third rule is: 

THE DATA DRIVETHE MODELTHE MODEL DRIVESTHE DATA 

No matter whether the goal ot the model is reached or the model fails to produce 
rhe expected results, the modeling effort is always useful. When building a model, a 
great deal of information is brought together, new understanding is created, and new 
networks and collaborations between researchers, experimenters, stakeholders, and 
decision-makers are emerging. This clearly brings a study to a new level. We there- 
fore conclude that: 

THE MODELING PROCESS MAY BE MORE IMPORTANT 
THAN THE PRODUCT 

2.2 Modeling software 

There is a lot of software currently available that can help to build and tun models. 
Between the qualitative conceptual model and the computer code, we could place a 
variety of software tools that can help to convert conceptual ideas into a running model. 
Usually there is a trade-off between universality and user-friendliness. At one extreme 
we see computer languages that can be used to translate any concepts and any knowl- 
edge into working computer code, while at the other we find realizations of parricu- 
lar models that are good only for the particular systems and conditions that they were 
designed for. In between, there is a variety of more or less universal tools (Figure 2. 16). 

We can distinguish between modeling languages, which are computer languages 
designed specifically for model development, and extendable modeling systems, which 
are modeling packages that allow specific code to he added by the user if che existing 
methods are nor sufficient for their purposes. In contrast, there are also modeling sys- 
tems, which are completely prepackaged and do not allow any additions to the methods 
provided. There is a remarkable gap between closed and extendable systems in terms of 
their user-friendliness. The less power the user has to modify the system, the fancier the 
graphic user interface is and the easier ii is to learn the system. From modeling systems 
we go to extendable nwdeh, which are actually individual models that can be adjusted 
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Hierarchy of modeling software. 



for different locations and case studies. In these, che model structure is much less flex- 
ible, the user can make choices from a Umiced Use of options, and it is usually just the 
parameters and some spatial and temporal characteristics that can be changed. 



Models 

Any model wc run on a computer comes as a piece of software. Therefore, in some 
cases, to solve a particular modeling cask we may try to find an appropriate model 
that has been developed previously for a similar case, and see if this software pack- 
age, if available, can be adapted to che needs of your project. This can save you time 
and money; another benefit is chat the model may have already been calibrated in a 
variety of locations and circumstances, and thus be more easily accepted by a group 
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of stakeholders Same models are distributed for a price, while others are available 
free of charge. The Register or Ecological Models (REM - httpi//eco.wi;;.um-kassel. 
de/ecohas.html) is a meta- database for models in ecology. U can be a good starting 
point if you are looking for a particular model. In sonU 1 cases you will he able to 
download the exec u tables from the website, in others you will have to contact the 
authors. For the vast majority uf models the source Code is unlikely to he available, 
and we can never he sure what actually tfoes on inside the processor We can only 
look at the output and the documentation, run scenarios and analyze trends, hut ulti- 
mately we have to trust the model developers that the model is programmed prop- 
erly. We also can make no changes to this kind of model. 

The fact that models come as software black boxes may he one ot the reasons that 
model re-use is not very common. It may take a long time to learn ami understand 
an off- the shelf model, and it can he quite fn^t rating if, after this investment of time 
and effort, we find that the model is not quite applicable to our case. It certainly helps 
when models are well documented, have jjood user guides and tutu rial x and coine with 
nice graphic user interfaces (GUI). Most of the nvidels that are commercially distrib- 
uted have very slick GUb that help set tip these tools for part sen la r applications. For 
example, the WEAP (Water Evaluation and Planning system - http://www,weap21 . 
org/index asp) is a user- friendly software tool that helps with an integrated approach 
to water resources planning. The core of the model is a water balance model that cal- 
culates the dynamics of supply and demand in >\ river system. To sot up the model [he 
usei is guided through a series of screens, which start with a river schematic that can 
he arranged on top of an Arc View map, and then takes care of data input with a series 
uf dialogue taxes for water use, loss and re- use, demand management, priorities, etc. 
The results arc then displayed in the same GUI in charts and tables, and on the sche- 
matic of the river system. Scenarios that describe different demand and supply mea$' 
ures are driving the system, and are connected with che various results. 

These user interlaces certainly help with using the models, however, extending 
the model capabilities is not a straightforward task, if it is possible at all. In particular 
when models are not open source, it is usually an "all or nothing" deal - you either 
use the model as it is, or drop it entirely if it does not have some of the features 
needed for your >tudy. 

Some models are deliberately designed as ^amcs, with special emphasis put on 
the graphic interface and ease of use. One good example is the SimCity computer 
game, which has a sophisticated socio-economic and ecological model at its core, but 
no one other than the model developers has ever seen this model and users do not 
know whether the model was calibrated or validated. The purpose here is to enhance 
the interactive utility of ihe program, to maximise its user-friendliness and simplify 
the learning process 

Extendable models 

Seme models and modeling systems are designed in such a way that they allow addi- 
tions to their structure. Fur example, OASIS (Operational Analysis and Simulation 
of Integrated Systems) is a software package designed to model river, reservoir and 
hydropower systems ro develop operating policies and optimize water use. OASIS 
has a graphical user interface that allows easy configuration of the sysrem. You can 
describe how the river system looks, locate the inputs and withdrawals, and enter 
historical data sets that the system is to work with. In addition, there is an Operation 
Control Language (OCX) - a special language used to enter rules and constrain rs that 
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are specific for your case study. OCL also acts as a bridge from OASIS ro other com- 
puter programs Users can express all apemiifig rules as operating goals or operating 
constraints, and can account for both human con try I and physical constraints on the 
system. This takes care of* all sores of ll if-rhen" operations, which can go beyond just 
operational rules. To model any system, the problem must simply be approached as 
a set of goals and constraints. The software then works out the best means of mow 
water through the system to meet these goals and constraints. OCL allows data 
to be sent and received between OASIS and other programs while the programs are 
running, and each program can then react to the information provided by the other. 
Thus you are dealt ng with a prefabricated "closed" systettt* yet have some flexibility 
to modify it to the parti culai needs of a study. There is clearly more flexibility than 
in case of a pre-packaged model } however, the user is still operating within the set of 
assumptions and formalizations embedded in the model core of the sofrware, There 
are also limitations to what OCL can handle as extensions to the OASIS system. 

Modeling systems 

Unlike pre -fabricated models, which are after all developed for specific systems, there 
ate also generic software tools that can help to budd models of any systems. These are 
prcbahly most interesting to consider when a new modeling task is in order However, 
the more versatile and powerful the system gets, the harder it becomes to master it 
and the more inclined modelers will be to stick to what they already know how ro use - 
rhe well-known "hammer-and-nail" paradox, which we will revisit in Chapter 9. 

Here, we will give a brief overview ®f ^jme software tools that are available for 
modeling, along with some recommendations about then applicability. Jt should 
be nored char there is a ^reat deal of development in progress, and new features are 
being added 10 the software packages quite rapidly, so it is always recommended that 
you check ouc the latest developments on the respective web pages. Note that neo 
ther of these rooU implies any kind of core model; they t an be used to put together 
any models. However, each one assumes a particular modeling paradigm and there- 
fore has certain limitations. 

Systems dynamics toots 

Most of these appeared as an outgrowth of the systems dynamics approach of Jay 
Forrester and his DYNAMO language, Stella was inspired by Forrester's forma I ism, 
and quickly gained worldwide recognition. In rhe following years a number of other 
software packages have appeared that are hetter than Stella in many aspects, and are 
certainly worth investigating and comparing prior to any purchase decisions. 



Stella - isee systems (formerly HPS), http://wwwi see systems, corn/ - Free Player 
and 1-month trial version - Mac/Win 

Most used m academia. and has much legacy code developed. Over the past decade has beer heavily pm 
aritizing the User Interface features with nice capabilities to create game-like models, where the modeling 
part can be hidden from the user and only the front-end. which is similar to a Flight Simulator dashboard, is 
provided. Recent addition of isee NET Framework promises more integration with olher tools, but is not exten 
sively used and tested yet, 
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Vensim - Ventana Systems, http://www.vensim.com/ - Free Vensim PLE (personal 
learning edition) - Mac/Win 

Same basic features for stock-and-flow modeling as Stella, with recent addition of some important function- 
ality, such gs calibration {will automatically adjust parameters to get the best match between model behav- 
icr and the dataj, optimization (efficient Powell hill-climbing algorithm searches through the parameter space 
looking for the largest cumulative pay-off), Kaiman filter, Monte Carlo analysis, Causal Tracing fa tree diagram 
shows a selected variable and the variables that "cause" it to change!, etc. Vensim DLL is a way to commu- 
nicate with other applications such as Visual Basic, C, C++, Excel, multimedia authoring tools, etc. The DLL 
allows access to a Vensim model from custom-built applications; it can send data to Vensim, simulate a model 
make changes to model parameters, and collect the simulation data for display 



Power sim - Powersim, http://www.powersim.com/- Free Player and trial version, 
Win 

This modeling tool has mostly been catering for the business community. Communicates with MS Excel Powersim 
Solver is a companion product that handles calibration, optimization, risk analysis and risk management 



Madonna - UC Berkeley, http://www.berkeleymadonna.com/-Free RunTime 
version, Win/Mac 

Runs many times taster than Stella. Will do parameter calibration (curve fitting), and optimization. Has several 
more numeric methods to solve ordinary differential equations. Stella compatible: will take Stella equations 
almost as is and work with them. 



ModelMaker4 - Exeter Software (formerly Cherwell), http://www.exeters oft ware, 
com/cat/modelmakerhtml - No free versions, Win 

Same as the others in this category, plus quite extensive optimization and numeric methods, including 
Marquardt or Simplex methods, simulated annealing and grid search methods of initial parameter estimation; 
ordinary, weighted, and extended least squares methods of error scaling; comprehensive statistical report 
ing; Monte Carlo global sensitivity with 14 distribution types, 5 different integration methods - RungeKutta, 
Mid-Pomi Euler, Rulirsch-Stoer and Gear Gear s is an appropriate solver for stiff simulations where processes 
happen on very different timescales. 



SIMILE - Simulistfcs (formerly open-source AME, Agroforestry Modelling 
Environment), http://www.simLjlistics.com/- Free Evaluation Edition, Mac/Win/Linux 

Allows object- based representation that handles disaggregation and individual-based modeling, auto- 
generates C++ model code, plug-and play modules. Supports modular modeimg: any pan of a model can be 
extracted and used separate^. Has plug-in displays, allowing field-specific graphics Also has options for spa- 
tial models with some basiclinks to GlS. 
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The basic mathematical formalism and the interface conventions used in all these 
packages are quite similar, so once you have mastered one of them it should be quite 
easy to switch to another if you are looking for certain special features. 

Pros: The development of all this modeling software has certainly simplified the 
process of building models, to the extent that programming is no longer needed 
to put together models, and only very basic numeric and mathematical skills are 
required. Systems dynamics has become widely used in a variety of applications. 

Cons: There is also a reverse side to it. Most of the software developers advertising 
their products will tell you that building a model is now as simple as clicking your 
mouse. Unfortunately this is still not quite so, and can hardly ever be so, since modeling 
is primarily a research process chat requires knowledge and understanding of the system 
to generate more knowledge and more understanding. By simply putting together dia- 
grams and pretending that now you can run a model of your system, you may gener- 
ate false knowledge and illusions. The modeling systems are indeed very helpful if you 
know how to build models; otherwise, they can become deceptive distractions. 

Systems diagrams 

An outgrowth of the systems dynamics approach is what we called systems diagrams 
tools. The software discussed here has many moie icons than the stocks, flows and 
parameters that the systems dynamics tool operates with. Whole submodels or solv- 
ers for mathematical equations, say, partial differential equations, may be embed- 
ded into specially designed icons that later on become part of the toolbox for future 
applications. Once again we get more functionality and flexibility, but certainly at 
the expense of a much steeper learning curve. 



Extend - Imagine-That, http://www.innaginethatinc.com/index.htrril - Free Demo, 
Win/Mac 

As follows from the name of the product, the system is extendable. It encourages modularity, providing 
the functionality to encapsulate certain processes and subsystems into blocks that can be further reused. 
Extend models are constructed with library-based iconic blocks. Each block describes a calculation or a step 
in a process. Interprocess communication allows two applications to communicate and share data with one 
another. This feature allows the integration of external data and applications into and out of Extend models. 
Information is automatically updated between Extend and Excel, can be connected with databases (Open 
DataBase Connectivity), has embedded ActiveX or OLE (Object Linking and Embedding), and works with DLL 
(Dynamic-Link Library). Block-building is based on ModL - a language that provides high-level functions and 
features while having a familiar look and feel for users with experience programming in C. Also allows script- 
ing to develop "wizards" or self-modifying models. Evolutionary Optimizer employs powerful enhanced evolu- 
tionary algorithms to determine the best model configuration. 



GoldSim - Go IdSim Technology Group, http://www.goldsim.com - Free Evaluation 
and Student version, Win 

Uses the same approach based on an extendable library of icons ("hierarchical containers") for a variety of 
processes. The user controls the sequence of events, and can superimpose the occurrence and consequences 



of discrete events onto ccntinuousfy varying systems Other features include particularly strong stochastic, 
Monte Carlo simulation component to treat uncertainty and risks inherent in all complex systems; embedded 
optimization, sensitivity analyses (e.g tornado charts, statistical measures); external dynamic links to programs 
and spreadsheets, and direct exchange of data with ODBC-compliant databases Models can be saved as 
player files. There are several extension modules le g. for Contaminant Transport using solvers for POE, finan- 
cial analysis, etc.). 



Simulink - The Mathworks, http://www.mathworksxom/products/sirnul ink/index, 
htm! - Free trial and web demo, Win/Mac/UNIX 

Built on top of MATLAB {see below), Provides an interactive graphical environment and a customizable set 
of block libraries, which can be extended (or specialized applications. More power, but harder to master. Can 
generate C code for your models, which can be further embedded into other applications. Based on the same 
concept of expandable libraries of predefined blocks, with an interactive graphical editor for assembling and 
managing block diagrams, with functionality to interface with other simulation programs and incorporate 
hand written code, including MATLAB algorithms. Has full access to MATLAB for analyzing and visualizing 
data, developing graphical user interfaces, and creating model data and parameters 



Pros: Power, versatility, flexibility, expandability. 

Cons: In a way the pros become their cons, since after investing much time tu fully 
master these systems it is most likely that they will become your "hammer 11 for rhe 
future. Besides, when becumin^ wedded to proprietary software there is always a risk 
of running into limitations that will he hard to overcome. 

Modeling languages, libraries and 
environments 

Compilations ot model languages, libraries appropriate to specific applications, and 
Software environments aie even snore general, rely less on some embedded assump- 
tions about rhe model structure and the logic of computations, but require more pro- 
gramming efforts. 

Spreadsheets 

The well- known spreadsheets are probably the most widely known software appli- 
cations that can also help build quite sophisticated models, Microsoft Excel is by- 
far the best-known and widely used spreadsheet. However, there is also Lotus 123, 
which actually pioneered the spreadsheet concept and is now owned by IBM, or 
the open-source Open -Office suite Both offer very similar functionality. The other 
option is to use Google spreadsheets, which are found on the web and can be shared 
among several developers, who can then access and update the document from any- 
where around the world using just an Internet browser. 

The basic functionality that comes with spreadsheets is that formulas can be 
programmed using some very simple conventions. For dynamic models these fornm- 
las can be reiterated, using a TIMh column, and usin^ the results ol previous calcula- 
tions (row-0 to generate the values for the next time step 
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Pros: These cools are free or almost free, since rhey come as par: of Microsoft Office, 
which is more or less standard these days, or can be downloaded as part of Open- 
Office, or can be used over the Internet with Google. Another advantage is that 
many users already know how to use them. 

Cons; Spreadsheets can quickly get very cumbersome as model complexity increases, 
especially if you are trying to add dynamics to it. There is no good GUI for modeling, 
so models may be hard to present and visualize. Only the simplest numeric methods 
can feasibly be implemented (say. Euler for ODE). 

Mathematical solvers 

There are several specialized mathematical packages designed to help solve math- 
ematical problems. As such they can be useful for modeling) since, after all, mod- 
els are mathematical entities which need to be solved. These packages are not very- 
helpful in formulating models. In this regard they ate as universal as spreadsheets, 
but tin I ike spreadsheets, which are quite well known and intuitive to use, the math' 
ematical packages have a steep learning curve and require learning specialized pro- 
gramming languages. On the benefit side, the computing power and versatility of 
mathematical methods is unsurpassed. 



MATLAB -The MathWorks, http://www. mathworks.com/products/matl a b/ - Free 
trial version, Mac/Win/Unix 

This is a high-level technical computing language and interactive environment for algorithm development, data 
visualization, data analysis and numeric compulation. It is faster to master MATLAB than C or Fortran, but it cer- 
tainly requires a major investment of time. Includes mathematical functions for linear algebra, statistics, Fourier 
analysis, filtering, optimization {including genetic algorithms), and numerical integration; 2D and 3D graphics 
functions for visualizing data; tools for building custom graphical user interfaces; and functions for integrating 
with external applications and languages, such as C, C + -h Fortran, Java, COM, and Microsoft Excel. May be 
a great tool to analyze models, but offers little help in conceptualizing and building them. There are sister prod- 
ucts, such as Simulmk (see above) or Simscape that are designed to handle the modeling process. 



Mathematica -Wolfram Research, http://www.wolfram.com/products/ 
mathematica/index.html - Free web seminars and demos, Mac/Win/Linux/Unix 

The software integrates numeric and, importantly, symbolic computations. It provides automation in algorith- 
mic computation, interactive document capabilities, powerful connectivity, and rich graphical interfaces in 2D 
and 3D. It is based on its own advanced programming language, and it needs time and effort to master this. 
Has no specific tools to support modeling per se, but can be very useful to solve, run and analyze already 
built models. Can be very useful to study individual functions that are used in your model - for example, to test 
how parameters impact the functional response (see, for example, http://www.wolfram.com/products/ 
mathematica/newin6/content/DynamiclnteractivitY/FindSampleCodelnTheWolframDemonstrationsProject.htmll. 



Pros: iMachematLcal power chat is hard to match. 

Cons: Steep learning curve, requires a solid mathematical background. 
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Environments 

Up to SO percent of a modeling code may support various input/output functionality 
and interfaces with data and other programs. It makes perfect ^ense to build software 
packages that would take care of these data-sharing and communication procedure^ 
so chat modelers can focus on the actual formalization of processes and systems. 
There tire numerous model ing environments developed tn support modeling and to 
increase model functionality. 



OpenMI - OpenMI Association, http://www.openmf.org/openminew/ - Open 
source, platform-independent 

OpenMI stands for Open Modeling Interface and Environment, a standard lor model linkage in the water 
domain OpenMI avoids the need to abandon or rewrite existing applications. Making a new component 
OpenMl-compliant simplifies the process of integrating it with many other systems, It provides a method to 
link models, both legacy code and new ones. OpenMI standardises the way data transfer is specified and 
executed; it allows any model to talk to any other mode) (e g, from a different developer! without the need for 
cooperation between model developers or close communication between integrators and model developers. 
Based on Java and NET technology, currently Open M I has some 20+ compliant models in its library. 



SME - UVM ( http://www.uvrn.edu/giee/IDEAS/lmfhtml - Open source, 
Mac/Linux/Unix 

The Spatial Modeling Environment iSMF) links Stella with advanced computing resources. It allows modelers 
to develop simulations in the Stella user-friendly P graphical interlace, and then take equations from several 
Stella models and automatically generate C + + code To construct modular spatial simulations and enable dis- 
tributed processing over a network of parallel and serial computers. It can work with several GIS formats, and 
also provides a Java viewserver to present results ol spatial simulations in a variety of graphic formats. 



SAMT-ZALR http://www.zalf.de/honne_sarnt-lsa/ - Open source, Linux 

Spatial Analysis Modeling Tool (SAMTt is a modeling system with some GIS features, designed to help wuh 
spatial analysis. It is an open system that links to different models (especially fuzzy-models, neural networks, 
etc.). It can also link to a general-purpose modeling language DESIRE. 



Pros: Added functionality toother models mid modeling tools 

Cons; Hardly any, since modeling environments mostly serve other modeling para- 
digms rather than imposing any of their own upon rhe user. In most cases, it is the 
next level of modeling chat may require quite good mode ting and systemic skills. 
Usually, user and developer gruu'ps are quite limited and are very much driven by 
enrh us i asm. Therefore, future development and support may be quite uncertain. 

Agent-based toots 

Agent- based modeling requires more complicated formalism to describe rhe behav- 
ior and dynamics of individual agents and their spatial distribution and behavior. 
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Perhaps for this reason there are no "drag-and-drop" and "cUck-and-run" .software 
packages available so far. All software rook in this area are designed around some 
programming language It can be cither versions uf hiyh-end full 'Hedged program- 
ming languages such as C + + 01 Java, or a simplified language such as Logo However, 
it .still requires some programming to get the model to run. All packages have links 
co G1S data, though some make a special effort do emphasize rhat This connection 
usually gOt?S in one direction, arid is provided by routines [hat import data from raster 
QT5 (Arc View, ArcGIS) and make it available for the modeling tools- 



Swarm - Swarm Development Group, http://www, swarm.org/wiki/Swarm_main_ 
page - Open source, any platform 

This is a collection ol software libraries, written in Objective C, originally developed at the Santa Fe Institute 
and since then taken up as an open-source project with developers all over the world Swarm <s a software 
package for multi-agent simulation of complex systems. It is specifically geared toward the simulation of 
agent-based models composed of large numbers of objects. EcoSwarm is an extension library of code that 
can be used for individual-based ecological models ihnp://www huinboldt eriu/^ecomodel/index.htmi 



Repast - ROAD (Repast Organization for Architecture and Development), hrtp:// 
repast.sourceforge.net/- Open source, any platform 

Repast (REeursive Porous Agent Simulation Toolkit) is an agent-based simulation toolkit originally developed 
by researchers at the University of Chicago and the Argonne National Laboratory. Repast borrows many con- 
cepts from the Swa rm toolkit it is different in its multiple pure implementations in several languages (Java, C#, 
Net, Python) and its built-in adaptive features, such as genetic algorithms and regression. Includes libraries 
for genetic algorithms, neural networks, random number generation, and specialized mathematics, has built-in 
systems dynamics modeling capabilities, has integrated geographical information systems (GISI support 



MASON - George Mason University, http://cs.gmu.edu/-eclab/projects/mason/ - 
Open source, any platform 

MASON Stands for Multi-Agent Simulator Of Neighborhoods or Networks or something the develop- 
ers are not sure It contains both a Java model library and an optional suite of visualization tools in 2D and 3D 
ll can represent continuous, discrete or hexagonal 2D, 3D or Network data, and any combination of these. 
Provided visualisation tools can display these environments in 2D or in 30, scaling, scrolling or rotating them 
as needed Documentation is limited, 



Cormas - Cirad, http://cormas.cirad.fr/indexeng.htm - Freeware 

Programming environment to model multi-agent systems, with focus on natural-resources management. It is 
based on VisualWorks, a programming environment which allows the development ol applications in SmallTalk 
programming language and is freely available from a third-party website 
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OpenStarLogo - MIT, http://education, mit.edu/starlogo/ - Open source, 
Mac/ Win 

A programmable modeling environment for exploring the behaviors of decentralized systems, such as bird 
Mocks, tr atfic jams and ant colonies, and designed especially for use by students It is an extension of the Lego 
programming language, which allows control over thousands of graphic individuals called "turtles'" in parallel. 
Comes with a nice interface, making it user-friendly and ready to use Some basics of the Logo language are 
simple to learn, and users can start modeling in less than an hour. 



NetLogo - Uri Wilensky (Northwestern University}, http://ccLnorthwestern.edu/ 
netlogo/ - Freeware, Mac/Win/Linux 

NetLogo, a descendant of StarLogo, is a multi-platform general purpose complexity modeling and simulation 
environment, The design is similar to StarLogo; it also has a user-interface. It is written m Java and includes 
APIs so that it can be controlled from external Java code, and users can write new commands and reporters 
in Java It comes with hundreds of sample models and code examples that help beginners to get started It is 
very well documented, and also has a systems dynamics component 



Pros: These systems offer perhaps the only possible way to identity emergent proper- 
tics that come from interaction between aflents* Must of the applications nre open 
Source, which creates infinite possibilities for linkages, extensions, and improvements 

Cons; Require programming skills, there fore may take a considerable time to learn, 

Wrap-up of software 

It should be noted that there are hundreds and maybe thousands of software pack' 
ages thac can be related to modeling, and by no means can we overview even a small 
fraction of them My goat here was to look at some representative examples nnd try 
to put them in some order Clearly, for beginners, especially those with no or few 
quantitative and programming skill*, it makes more sense to start at the easier end of 
ihe spectrum and explore some of the existing models or modeling systems. They will 
take care of much of the tedious model organization and make sure that the model 
is consistent, they may help with unit conversions and logic of computation* , and 
they will immediately offer some numeric methods to run a simulation. In some cases 
they may actually work as jj, "off-the-shelf/ 1 for some applications that are repeated 
frequently for similai systems. As tasks become more complex, there will probably 
he the need to move higher up the diagram in Figure 2 16, and explore some of the 
more sophisticated modeling tools and methods. 

Most of the software tools, like living organising go through life stages after they 
are born, they develop, reach maturity, and then sometimes decline nnd die. It is hard 
to predict what the future of many of these products will be, especially when they are 
corporate ly owned and depend upon the dynamics of world markets, in this regard, 
well-developed open source products promise more continuity, but even they c«m 
fade away or be replaced with something better This is what we are now seeing wi:h 
Swarm, which tends to morph into other products, such as Repast- Similarly, SME 
has been hardly developing over the past few years In the propriety ry world, there 
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does not seem to be much progress in the ModelMaker development. Similarly, Stella 
seems to be relying on its previous success and has not shown much improvement over 
the past several years. There are also the models that are offered by federal agencies, 
which are free to download and use, but for which the source code is closed and pro- 
prietary. Except for the price factor, there is no big difference between these and the 
closed commercial products; in both cases users have very little to say about the future 
development of the software and entirely depend on some obscure dec is ion -making 
process and funding mechanism, either in the corporate world or by the government. 

The bottom line is that we need to keep a close eye on all these systems, and 
he flexible enough to migrate from one to another. The "hammer— nail" syndrome 
should be avoided. No modeling software is universal; there are always systems that 
could be better modeled using a different formalism and different mathematics and 
software. If you confine yourself to only one modeling system, you may start to think 
that modeling is only what the software is offering. In reality, there are numerous dif- 
ferent approaches, and all of them may be worth considering when deciding how to 
model the system of interest. 

Models built using open-source software are most desirable, since they can be 
modified to meet particular needs of various applications. Moreover, they can be tested 
and fixed if errors are found. While commercial proprietary software comes as closed 
"black boxes", where you can never be sure what's inside, open-source models are 
open, and the source code can be viewed and modified. On the other hand, commer- 
cial products tend to be better documented and supported. One rule of thumb is that if 
a project has involved a great deal of brainpower and enthusiasm, go for open source; 
if there is good funding for the project, go for commercial products. 

Modeling is iterative and interactive- The goal is frequently modified while the 
project evolves. It is much more a process than a product. It becomes harder to agree 
on the desired outcomes and the features of the product. This certainly does not help 
when choosing the right software package to support modeling efforts. There is also a 
big difference between software development and modeling, and software engineers 
and modelers may have different attitudes regarding software development. For a 
software engineer, the exponential growth of computer performance offers unlimited 
resources for the development of new modeling systems. Models are viewed by soft- 
ware engineers merely as pieces of software that can be built from blocks or objects, 
almost automatically, and then connected, perhaps even over the web, and distrib- 
uted over a network of computers. It is simply a matter of choosing the right archi- 
tecture and writing the appropriate code - the code is either correct or not; either 
it works or crashes. Not so with a research model. Instead, scientists would say that 
a model is useful only as an eloquent simplification of reality, and needs profound 
understanding of the system to be built. A model should tell more about the system 
than simply the data available. Even the best model can be wrong, and yet still quite 
useful if it enhances our understanding of the system. iMoreover, it often takes a long 
time to develop and test a scientific model. 

As a result of this difference in point of view and approach, we tend to see 
much more rapid development of new languages, software development tools, and 
code- and information-sharing approaches among software engineers. In some cases, 
new software packages appear faster than their user community develops. In contrast, 
we see relatively slow adoption of these tools and approaches by the research mod- 
eling community. The applied modeling community, driven by strict deadlines and 
product-oriented, may be even more reluctant to explore new and untested tools, 
especially since such exploration always requires additional investment for acquisition, 
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installation and learning. The pcollfemtton of modeling software, as in the case of sys- 
terns dynamics modeling tools, may even be considered an impediment, since if there 
were only one or twn modeling tools genera tly accepted hy all then these could be 
used as a common modeling platform, as a communication tool to share and distrib- 
ute models With so many different clones of the same basic approach we get a whole 
variety of di a leers, using which ir may be harder to find common ground- 
In this book we will mostly he usin^ Stella for pus demons r rations. Stella V sac- 
cess is largely due to ics user-friendly graphic interface (GUI) and a fairly wise mar- 
keting program thai mostly targets students and university professors. Stella helps to 
illustrate a lor of modeling concepts ! do nor intend to endorse or promote Sec I la in 
any way; ir is no better than the otht i r software packages available, ft is just a matter 
of my persona! experience and the legacy code that is available Therefore, you will 
need ro fief at least a trial or Player version ol Srella to be able to do the exercises 
and study the models that are presented in this book and can be downloaded from 
the book wehsire. Doing this in alternative packages is an option that is only encour- 
aged. Some systems dynamics tools described above offer tools to read and run Stella 
models. For example, Macon n a will rake Srella equations and, with some minimrd 
tweaking, will run them - actually many rimes faster - and offer some add it tonal 
exciting features We will see how this works in Chapter 4 

The basic mathematical formalism and the interface conventions used tn all 
thesf packages are quite similar — so once you have mastered one ol them, it should be 
quite easy to switch to another if you are looking for certain special fearures If you are 
unfamiliar with Stella, some limited instructions are available below. As mentioned 
above, the GUI in Srella is extremely user-friendly and the learning curve is gradual, 
so it should not take long for you to be able to use it for the purposes of this course. 

A very quick introduction to Stella and the like 



Before you STarr learning Stella or some of The other modeling packages described above, 
please ensure that you realize there are different modeling paradigms used in these packages 
and m certain respects This makes it hard to compare them, in this book we are mostly studying 
dynamic models, so we will be lockrng for software tha; can help us with this kind of modei<ng. 
The dynamic feature means thai the system that we study changes over nme and That There 
are variables that evolve. This also means that there are certain imitations and certain conven- 
tions There are systems that are not very well suited to modemg with Stella and the ike if 
we simply want to use Stella for certain calculations we may probably dc it. but this may not 
be the best way to go - using, say, Excel may be much simpler Per example, cenam standard 
economic systems, which are usually formulated in terms of seme equilibrium state, may be 
hard to define m Stella, unless we move away from the equilibrium and consider the transition 
processes as well. Stella has very limited capabilities for statistical analysis f a simple empirical 
model is all you need, you may be better off with a statistical software package, which would 
also be much better for analyzing uncertainty and generating mere sophisticated staTist.es 

Keep in mind That Stella and some other dynamic modeling packages assume the 
so-called "stock-end-flow" formalism, where the system is to be describee' m lerms cf res- 
ervoirs, called stocks, which are connected with pipes that carry Hows Stocks are therefore 
always measured in terms of certain quantities of material, energy, bicmass. population 
numbers, etc , while flows are always rates of material transferred per unit of time, or 
energy passed per unit of time, etc So when using Stella we start with identifying the state 
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variables, which wih be called stocks, and Then figuring out what makes these variables 
increase (because there are 1,'qws of material or energy coming in), or decrease (because 
there are flows That go out). While all sorts of formulas can be used to define the flows. The 
stocks can be changed only by the flows; they cannot be calculated in any other way. 
Stella opens with a graphic menu that contains a number of icons. 
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The first four are the main building bJocks for your model Figure 2 17 describes what 
they are 
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The reciangles are to represent the 
state vanables, whrch are also 
called "Stocks ' in Stella. They are 
to describe tie elements in your 
system. These are the quantities 
that change in the system thai you 
analyze and which you report as 
results of the modeling exercise 
For each of the state variable a 
differential (difference) equahon 
(see Chapter 3) will be created in 
Stella 



The flows represent Ihe processes 
in which materials (or quantities) 
are taken from one slate variable 
and added to another The cloud is 
used to show that material is 
exchanged with the outside ol the 
system. 
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Circles represent parameters or 
auxiliary variables (also called 
Converters" in Siella. These are all 
the quantities that are either 
constant in the model or will De 
calculated based on the values of 
the state variables. 
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Lines with arrows are to show what 
depends upon what. They are lo 
feed the value from one Siella >con 
into another. They cannot move 
material or quantities; they only 
convey information. 
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and others. 



Mair building blocks in Stella. Note That th&y are the same in Madonna, Simile 
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To build a model using These tools, first click on the State variable icon and then somewhere 
in the window, where this variable will be located on the diagram. The variable appears with a 
"Noname" name. Click on This title and type the name that you want this variable to have. 
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Next, click on the Flow icon and choose where you want to draw the flow That will go into or 
from the state variable. Then hold on the mouse button and drag the cursor from where the 
flow si arts to where it goes. If you want a state variable to receive a flow or to be drained by 
a flow, make sure that the State variable icon is highlighted as you put the cursor on top of 
it. If it does, then it will be attached to the flow; if it does not, then it will not be associated 
with the flow - and this might create a problem in the future if you do not notice that there is 
a cloud placed somewhere on top of your State variable or right next to it. You will be thinking 
That the flow <s there, while m reality it is not. 

As you drag The flow from one element to another, you can make it angle if you hit the 
Shift key. This is useful to Keep the diagram tidy and clear. Then give a name to the "Noname" 
flow similarly to the above. 
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You may now need to add an auxiliary variable. In a similar way to above, choose the circle 
icon and place it somewhere on your diagram, Give it a name. If you click and hold on any 
ol the names of the elements in thy diagram, you can drag the name around the icon that iT 
belongs to. This is useful to keep your diagram Tidy. 
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Finally, use the connector arrows to link variables, flows and state variables. Just as with 
flows, after choosing the connector >con you click the mouse on the origin of information and 
then drag the arrow to connect it with the recipient of The information 

By drawing this diagram, you have already formulated one differential (or rather differ- 
ence) equation that will go into your model. 

S.VARIABLEll} = S_VARIABLE(t d'tj + FLOW* clt 
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Next, you need to specify the actual size of FLOW and The initial condition lor S_VARIABLE 
Before you go any further, switch the model from the so-called "Mapping Mode" to the 
"Modeling Mode." To do this, dick on the button on the left-hand side that shows the globe 
You may notice that " 7 " will appear on all elements in the diagram that need further definition 
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If you double click on the parameter icon, this dialogue window appears; 
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Even though it requires that you "place the right-hand side of eouation here;' in reality all you 
need to do is give the value foi the parameter that you want to use m your model Suppose 
the rate you want to use is 0.O1. Simply type that value in instead of the highlighted words, and 
click on the "OK" button [or hit the " Enter" key) If for some reason you prefer only to click, 
you can also use the numerical pad offered =n the dialogue box. You can also use some arith- 
metic expressions, like 1/100, or choose some of the built-in functions that are listed Mere. 
Next we double click on the flow icon and open This dialogue box. 
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Now indeed you are to "place the right-hand side of equation here" The required inputs are 
listed above, and if you click on any of them they will be copied nto the equation field. Here,, 
describe the flow as a product of the available stock in S_VARIABLE. and the rate coefficient 
thai has already been specified in PARAMETER. PARAMETER *5_VAR| ABLE goes into the 
equation field 

Click OK" and similarly douole click on the State variable icon This opens the dialogue 
window to specify the initial conditions 
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The list of 'Allowable inputs" may be somewhat confusing, because it <s onfy r^reiy that you 
will need any of the flows or other state variables to specify the initial condrfons. In most 
cases you will simply Type a constant - say, 10 Or you may store this constant as a param- 
eter and then refer to it in this box. 

Note that there is a check-box that says "Non-negative." By default, all state variables 
come checked as non-negative. This can be quite misleading. You want the Hows in your 
model to make sense and to work in such a way that the stocks do not get depleted and 
negative. By damping them with this check-box, you lose track ol what is really happening 
in your model You may well be generating some totally crazy behavior that is supposed to 
make a stock negative; however, you will not even notice that if lhat variable is clamped. It is 
recommended that you keep this box unchecked, unless you really know what you are doing 
and have a clear understanding of the effect of various flows on the state variable 

Now that all the question marks have gone, your model is ready to run. You can also 
check out the equations that you have generated by clicking on the downward arrow in ihe 
upper left-hand corner: 
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The equation here describes The exponential growth model: 

I — I S VARIABLE'S VARIABLE^ -d<3+EFL<Mrrt 
— IN ITS VARIABLE =■ 10 
INFLOWS; 

^ f-LQVt* P ARAM'S VARIABLE 
Q PAR AM = C.I 

Before yog start running the model, specify what you want the output to look like. Returning 
to the oiher icons at the top of the window, the next group of three is mostly for conven- 
ience, These are not essential to create models The first one allows you to place buttons m 
the diagram, which may be handy for navigation or for model runs. Instead of going through 

menus, you can get something done by simply press -v; a d 

button m the diagram. The next icon allows you to group LA© Research 5.0 
certain variables and processes into sectors, this is useful gj" | |jnri]|i=e 

to achieve more order in the diagram ll also allows you to — ^r~^ — 

run only certain parts of Lhe model The third icon allows ^ ' 

you 1o wrap certam details about processes and display Create 
them as one icon in the diagram, this also mostly serves graphic 
esthetic purposes. Create table 

The next group of lour is the Output Tools 
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Click on the Graph icon, choose a place on the diagram, and click again. A new window is 
opened to display the graphs Double click anywhere in that window, and a dialogue box 
is opened By double clicking on any of the values in the left-hand side you add them 10 
the list of variables on the right-hand side. These will be graphed [no more than five per 
graphic). You can check out the different outrons and options available. The most useful 
is tne scaling, whrch is controlled by highlighting [clicking once) a variable among those 
selected and then clicking on the arrow to :he right of it. You can then change the minimal 
and maximal values for this variable that will define the scale in the graph. 
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h a very similar way. you can define a TaDle using output values that variables take during 
the course of the simulation. Choose the Table icon, click anywhere in the diagram, and a 
Table window opens, double click anywhere in that window, and a dialogue box opens. 
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Once again, choose the variables that you want to display and specify some of the charac- 
teristics of your Table. Similarly, you can generate Output for an individual variable, in this 
case you will get the value that it attains by the end of the simulation 
As a result., for the model being buiit it is possible to design the output and run the model 
by choosing "Run" from the Run menu, or pressing Corrmand-R {on a Mac) or Qrl-R (m 
Windows) In this case, the graphic of exponential growth is displayed 
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Finally, look at the Editing Tools presented by the fourth group of icons 
• The navigation cursor (The hand) is the one you will mostly = 
be using to open ana close windows and to arrange ele- 
ments ol your diagram The paintbrush icon is to add 
some color to the diagram - you can color individual ele- 
ments or change the color of your graphics The "dyna- 
mite icon is used to delete things in the diagram. Be 
careful - there is no "undo" in Stella until version 8, it you 
blow something up, it is gone! To use this tool, click on 

the dynamite icon, choose the element you want to delete, and click on it., this will high- 
light what is to be blown up Do not release the mouse button until you have verified that 
what is highlighted is really what you want to get rid of 
The "ghost " is very useful when you need to connect elements that are very far apart 
m the diagram In that case, the diagram gets too busy <f you do all the connections directly 
Click on the ghost icon, then on any of the elements in the diagram you want to ghost 
A copy of it will be created that can be put anywhere else in tne diagram. 
Once again, here are the mam building elements m Stella: 



Auxiliary 
variable, 
parameter 




M octet 

CUtDLil as 
a yiaph 



Model 
output as 
a table 



Information flows 
between components 



*\ fAuxliary variable^ 
J I as a graph J 



This brief oversew covers only some of the basics of Ste 13. However, it may do sufficient as 
a starter, since most of the dialogue boxes and menu options are quite self-explanatory and 
may be mastered oy the good old triel-and-error method Please note that: 

* You cannct connect two stocks with an information flow; only material flows can change 
3 stock. The information about a stock can affect a material flow or an auxiliary variable but 
not the information flow. 

* A material flow 15 assumed to be posnive if it becomes negative. Stella will clamp it to 
zero. A negative inflow is actually an outflow; Therefore, since you specify the direction of 
your flow, the sign matters, and Ste'la makes sure that all flows are positive. If you need a 
flow that can become negative, use the billow option A btftow can go in both directions. 
Make sure that you have the positive flow associated with the direction in which you first 
drew the biflow. The negative flow will then go in the opposite direction. 

* You cannot connect auxiliary variables with material flows. Only nformation flows are 
appropriate in this case 
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Also please note the following rules of good style when building your models; 

• lry to keep your diagram tidy Avoid long connectors and conluSiny names, and avoid criss- 
crossing flows The easier it is to read your diagram, the less errors you will make and the 
more appealing it will be to anyone else who needs to unoerstsnd The modei. 

• There is no such thing as too much documentation Every variable or I tow in Stella has 
8 document option, which is useful to record your ideas and comments aboul what you 
are modeling and the assumptions you are making. It is extremely important both for the 
model developer and the model user. 



As mentioned above in our review, general-purpose spreadsheet software h a 
simple alternative to Stella nnd the like For example, Excel may be used to huild 
many models considered m this buok (see Figure 2.18). You can download thi.s 
model (Model_Of_Exponential_Growch) from the book website, and experiment 



-4 File Edit View Insert Format Tools Data Window Help 




Figure 2.18 



more detail) 



An example of a spreadsheet model for an exponential growth system (see Chapter 5 for 
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with the paramecer and che formalization of che equation. It becomes quite difficult, 
if possible at all, to do this modeling fot numencal methods other than Euler. Also, 
it gets very complicated as the model structure becomes more complex. Check out 
another example (Predator_Prey_Model), which is a two-variable model of preda- 
tor-prey dynamics. It is sail doable, but not as much fun as in the systems dynamics 
software. 



2.3 Model formalization 

The model formalization stage requires that each of the processes assumed in the 
conceptual model in a qualitative form be described quantitatively as a mathematical 
formula, logical statement or graph. This is what you do in Stella when you double 
click on any of the flow icons and get the dialogue box that invites you to spec- 
ify the right-hand side of the equations. Choosing the right mathematical descrip- 
tion to represent your qualitative ideas about a process may be quite tricky and 
ambiguous. 

At this stage, describe how you envision the rates of flows between various 
variables. Suppose you are describing the growth rate of a bacterial population. 
The variable is the population size. There are two processes associated: the birth 
rate and the mortality tate. You need to decide how to describe both of these proc- 
esses as functions of the state of the system (the current size of the population in 
this case) and the state of the environment (temperature, available food, space, 
etc.)> Suppose that it is known that rhe reproduction rate is a function of tem- 
perature, such that at low temperatures the divisions are rare, and as temperature 
grows the number of divisions steadily increases until it reaches a maximal value. 
Suppose that, based on the available data, you can describe this relationship by a 
graphic shown m Figure 2.19. In this case, m is the maximal growth rate that 
we know. 

How do you input this information into the model? One option would be to use 
the Stella graphing option and redraw the graphic in the model. 




Figure 2.19 



One possible limiting function for temperature-dependent multiplication rate. 
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In The Stella model that you have started to build, rename the variables to reflect the system 
that is being considered now 



8 f>aram f B,rths 

rv 



Population 



o 



— Deaths m pafarfi 



T liniiaLion Temperaiura 



Now you have the stock that represents the population (measured here in biomass units 
instead of numbers) The size of the stock is controlled by two flows ihe inflow i§ the tamhs. 
similar to before, but now there is also the outflow, which is the deaths In addition to simply 
having the births propoitiona 1 to the size of the population, the temperature limriation is intro- 
duced by inserting the Tjimitation function in the equation 

BiMhs = B_pararri*TJirm nation "Population 

TJimilalion should be a function of temperature, as described above, To use the graphic func- 
tion in Stella to define it, double dick on the Tjimitation parameter lo open the regular dia- 
logue box that has temperature listed as the required input. Note the "To Graphical Function" 
button at the bottom left. 



H<QL*u fed Input* 
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If you click on this button, you will see another panel, which is designed specifically to input 
a graphic that is to define what value this Tjimitation parameter is to return, depending upon 
the value that the temperature parameter will feed in 
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To Equation i Delete Graph 1 Cartel OK ) 



In this case, a function is designed that will change he 1 ween and 1 {like most of the limiting 
functions), while the temperature values are anticipated to be m the range between and 60. 
Here the units for temperature ere degrees Celsius, while the output of the limiting function 
itself is dimension less - it will be a modifier for the birth rate that will slow down growth to 
zero when temperatures are low, and will have optimal growth vofues at temperatures close to 
5Q°C. Perhaps this is good enough for bacterial growth. The actual values are then either typed 
as numbers in the table provided tn the dialogue box, or produced when you draw the graphic 
using your cursor Now the limiting function s finished with, but it is still necessary to figure 
out how to provide the data for temperature Certainly, another graphic can be produced: 



Graphical Function 



Temperature 
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Edit Output 
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Here, a timeseries for temperature is presented, using a built-n called TIME to describe 
how temperature is changing m with time m the model. Some real climatic data can be cop- 
ied irom an Excel spreadsheet or text editor and then pasted into the table in the graphical 



Time 




Data Points. 
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function, or the graph can again be drawn using The cursor. In this case, a series of annual 
temperature cvcles is defined where temperature varies from to 40°C over a time period of 
about 365 days There are daia tor aboui 3 years for 1000 days), which can be seen in fu'.l in 
ihe graphic li the "ALT" key on the keyboard is pressed and held: 



Graphical Function 




Edic Output 



To Equal ton } ( Delete Graph ) ( Cancel ■ OK 



This graphical function is a nice feature, but it has one major drawback- If modifica- 
tion of the function is required to reflect some newly acquired knowledge, it is neces- 
sary to go into the gnrphic and manually redraw it Suppose char you want to change 
the curvature, so that the optimal birth rate is attained (aster, fir suppose that the 
maximal birth rate should he increased - in all these cases* every time the graphic 
needs to he redrawn, This may become quite boring. As an alternative to the graphic 
representation of the data, yon can assume a function that would generate the kind 
of response chat you need. For example, for the temperature dependency ^hnwn 
above the function 



can be used, where m is the maximum birth rate and ^ repiesents the temperature 
at which the birth rate i.s half the maximal. This function happens to he known as 
the Michael is- Menten function, widely used to model growth kinetics and popu- 
lation dynamics. Mow there are two parameters that can easily modify the shape 
ot the function. By changing in it is possible to raise or lower the asymptote, the 
maximal value to which the function tends. By moving i it the function can lie 
made to grow faster (smaller t 3 ) or slower (larger t ( ). All these modifications are 
made without any need to redraw any graphics, but simply by changing a parameter 
vnlue. 
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Similarly, the tmneseries for temperature can be defined as a formula instead Of a graph Of 
course, if you are using real climatic data it makes perfect sense to stick to it and import it 
into the graphic function, as described above However, it the tirneseries is hypothetical, it 
might be easier to have 3 formula to presen; it For example, it is possible to generate the 
dynamics very similar to the graphic used above by using the following equation 

Temperature = 20 - SINiTIME/365 * 2 * PI + 3 * PI/2) + 20 

It does take some effort to figure out the right amplitude and phase for the SIN function, 
however, even with some very basic knowledge of trigonometry and a few tnal-and-error runs 
m Stella, thrs can be done. It can even be made more realistic if some random fluctuations in 
temperature are added, using the RANDOM function - another built-in in Stella (just like SIN, 
PI or TIME - all these can be found if you scroll down the list of Stella burft-tos that appear in 
any parameter of flow dialogue box) 

Temperature - 20 * SINlTIME/365 * 2 * PI + 3 * PI/2] + 24 + R AN DOM<- 4.4,01 

~':e o itput from thii mode ooks I <e tr -, 




It may be hard quickly to find the right function to represent the kind of response 
that you huve in mind for a particular process, It helps a lot if you know the behavior 
of some basic mathematical functions; then you can put tcgerher [he right response 
curves by combining certain functions, the behavior of which you know Figure 2.20 
contains a collection of some useful functions that may be used as building blocks to 
Jesu ibe various processes. 

Note chat for the numerical reaction of the model you will need to provide 
actual values for all the parameters that are used in the functions. Therefore, the 
fewer parameters a function uses, the easier it will he to find all the values needed. 
Ir ii hn helps a lot if the parameters used to describe a function have an ecological 
meaning. In chat case, you can always think of an experiment to measure then value. 
For example, in the temperature function considered above, m can be measured as 
the birth rate at optimal conditions, when temperature is not limiting Similarly, tj 
can be estimated as the temperature value at which birth is approximately equal to 
half the maximal. Both these parameters can be measured and can be then used in 
the mocteb This is one of the basic differences between process- based and empirical 




The linear function is pfQoably the simples; and 
compulation ally the most eflicienl one. You can combine 
several linear functions with "if ... then" conditions to describe 
more complex behavior The disadvantage of such 
piecewise linear description is the lack of smoothness, 
which may sometimes result in model crashes if ihe time 
step DT is too large 



inclination of Ihe line. 
I tie offset 



Michael is- Me nten (unction Widely used in enzyme kinetics 
Also Known as Monod function in population dynamics, 
A very useful (unction to describe growth wilh saturation 
At low concentrations of substrate k, it limits growth : 
growth is proportional lo the availability of the substrate. 
At very high concentrations Of substrate growth lends io 
a maximum value and does nol exceed it. 

a - maximum growth rate, oe fines the saturation level, 
b - hali-saturalion coefficient: 
U - a '2, when x - b 



The s-shapecf funcl«on is a modification of the 
Michaelis-Menten function By increasing s you can make 
the function sleeper, decreasing the transilion period 
from low growth rale lo saturation Afso important that Ihe 
function approaches zero with a zero derivative. Makes 
computations more stable in the vicinity ot zero. 

a - maximum growth rate, defines the saturation level; 
b - half-saturalion coefficient 
U - a.'2 f when k = b. 



Vanalions of the hyperbolic function. Used to describe 
processes that are very fast at low values of the controlling 
vanabfe and then rapidly decrease to a constant satu ration 
level. This can be. say, ihe dependence of fish mortality 
on oxygen concentrations in water Al anoxic conditions 
Ihe mortality sharply increases 

a - consols steepness ol decline: 
b - otfsel 



Figure 2.20 



A list of formulas to facilitate your choice of the mathematical expressions that can 
properly describe the processes in your model. 

Certainly there are many others that you might lind more appropriate for your particular needs To check 
out how a function performs with different parameters and to choose the parameters that will best suit your 
particular needs, you can input the function into, say, a spreadsheet program such as Excel, and build graphs 
with various parameters. Another application that is especially useful for these purposes is the Graphing 
Calculator It comes as pan of the Mac OS-X, and probably there are also versions For Windows It should 
be noted that in most eases using a formula wish parameters is preferred, rather than inserting a graphic, to 
describe the process m your model- One significant advantage is that certain parameters that change the 
for m of the curve can be easily used to study the sensitivity of your model to these sorts of changes Similarly, 
changing graphics is a much more tedious job and more difficult to interpret. 
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The exponent should be used witn caution because il 
always lends Eo grow too fa si. It is useful only if trie maximum 
values for x are well defined and you can be sure thai 
they will not be exceeded. 

a - offset, 
b- steepness 



Variations for the parabolic fti notion Especially useful with 
C < 1 . Otherwise it is very much like She exponent - grows too 
lasi and tends lo gel oui of control. When c < < 1 it seems io 
reach a saturation level, but actually it siiiJ continues "0 grow 
but very slowly. 

a - offset al zero; 

b - controls behavior at larger x values, whereas s conirols 
behavior a I lower x. 



u = a h b* c 




U = 1 - exp(-ax) 



Mev function, Also used to describe growth with sa?urahon. 
The sa I u rat-on level can be controlled by an additional 
parameter that mulliphes I he whole lunc lion. Michael is-M en ten 
function does practically Ihe same, bul is si m pis r 
computationally 

a - controls steepness 




Steel function. A bel^shaped function that is useful lo 
describe processes inhibited boih al low and h«gh values of 
the controlling factor, rias been originally designed so limit 
phytopiankton growth by light. 

a - modifies the maximum rale as well as the rate of fail al 

inhibiting values; 
b - defines Ihe optimal values of the controlling faclor. 



U - a* ertp (1 - bx) 



c -5 a-2.b-r>(J5 
. t - * a ■ G S b - G 2 
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Universal bell f unction A more cotnp|u;.aled formulation 

I of the bell -shaped function Often used lo describe lemp era lure 

limitation Disadvantage - many more parameters lo 

del in e Advantage - much more flexibility and conirol over 

behavior. Can describe prelly much any beil luncdon form 

a - value at zero; 
b - value taken when x ■ d; 
c - optimal value, where Ihe f unctwn is maximal; 
s - controls the steepness, when $ > 1 the range of optimaliry 
can be made realty big. 
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3.1 Time 

3.2 Space 

3.3 Structure 

3.4 Building blocks 



The full set of dynamic equations of a given physical system presented in one 
of the approximate forms, along with the corresponding boundary conditions 
and with the algorithm for the numerical solution of these equations - inevitably 
containing means from a finite-difference approximation of the continuous fields 
describing the system - form a ph ysico-ma thematical model of the system. 

A S. Monin 



SUMMARY 

Many models are based on some mathematical formalism. In some cases it may he 
quite elaborate and complex ; in many others it is straightforward enough and does not 
require more than some basic high-school math skills to understand it. In all cases it 
can help a lot if you know what the mathematics are that stand behind the model 
that you build or use. Most of the systems dynamics models that we use in this book 
are based on ordinary differential of difference equations Some basics of chose are 
explained in this chapter. We look at how models can tend to equilibrium conditions, 
and explore how these equilibria can be tested For stability. It the spatial dimension is 
added, we may end up with equations in partial derivatives. We wi ll see how the advec 
tion and diffusion processes can be formalized. Finally, in the structural domain we may 
also find models that will he structurally robust and stable. Such models are preferable, 
especially when there is much uncertainty about model parameters and processes. 

Keywords 

Discrete vs continuous, initial conditions, ordinary differential equations, state vari- 
ables, difference equations, exponential growth, time-step, numerical method, Euler 
method, Runge-Kutta method, equilibrium stable or unstable equilibrium, box 
models, compart mental models, continuous models, ad.vecti.on, diffusion, equations 
i!n partial derivatives, rigid and soft systems, structural stability, 
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M tide ling and systems analysis first appeared as mathematical disciplines. 
Reciprocally, much of modern mathematics has originated from models in physics. 
Until recently, a solid mathematical background was a prerequisite of any modeling 
effort. The advent of computers and user-friendly modeling software has created the 
feeling chat mathematical knowledge is no longer needed to build realistic models, 
even for compLex dynamic systems. Unfortunately, this illusion results in many cases 
in faulty models chat eirher misrepresent the reality entirely or represent it only in a 
very narrow domain of parameters and forcing functions, while the conclusions and 
predictions that are made are most likely to be presented as being quite general and 
long lasting, 

This does not mean that modeling cannot he done unless you have a PhD in 
mathematics or engineering. Many of the software packages that are currently avail- 
able can indeed help a lot in the modeling process. They can certainly eliminate 
most of the programming work needed. It is important, however, tor the modeler to 
know and understand the major mathematical principles that are used within the 
framework of those packages, otherwise the models will be prone to error. David 
Berlmski offers some noteworthy examples ct how models can be misused,, misunder- 
stood, and in error when the mathematics is ignored 



Let us lake another look at the model that we have developed in Stella. Open The model and 
click un The little arrow pointing downwards in The upper left comer. (In more recent versions 
of Stella the interface has been changed and you have separate tabs on the left of the win- 
dow lor the interface, the -rxidel and The equations.) 



Swlla.pfimerZsTm 



H par am 

a 



PopUaton 



o 



Tlmiaion 



Temperaine 



What you get is a list of equations. 



Q 5telid_primei2.sim 



□ PopuLatran(t) = Population^ - dt) + (Births - Deaths) ' 01 
iNtT PQpuia&on = 10 
INFLOWS. 

-lc Births = B param'T hmitatian'POpulatiOn 
OUTFLOWS: 

«■!* Deaths = M_para»i "Population 
Q B jaaram - o 1 
Q M~ param = 05 
O sjpdram - 1 2 

O Temperature = 20-SiN(TIME/355 , ?*P'*3 , P1/2)*24*PANDOM(-d <a,C) 
O TjimitaLion - Temper alLffe/(S_param*Temperature) 
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So these will be the actual equations that the model will be solving. The Graphic User 
Interface has really lust one ourpose: to formulate these equations and then display the 
results of solving them What are these equations, and how do they work? 



As we have seen in the previous chapter, a system may be considered in three dimen- 
sions temporal < spatial and itimturd. In the temporal dimension we decide how the 
system evolves in time; in the .spatial dimension we research the spatial organiza- 
tion of the systemi and in the structural dimension we define the complexity of the 
model. For each of these facets mathematics are used ill modeling. 



3.1 Time 

Most computer models operate in discrete time- The time is represented as a sequence 
of snapshots, or states, which change momentarily every given time interval. The 
major question to he answered when considering this temporal evolution ol a system 
is, what will be its state at time t if its state is known at the previous time i - \ ' if we 
know how the system changes state, then we can describe its dynamics once wt* know 
the initial state of the system. Suppose we huve a population of rive cells and each 
cell divides into two over one time'Step - say, I hour Then after 1 hour we will have 
10 cells, since each cell is to he replaced hv two; after 2 hours there will he 20 cells; 
after 3 hums there will be 40 cells, and so on. 

This is a verbal model of a system Let us formalize it oi describe it m math- 
ematical terms Let i(n) he the number of cells at time-step n — I, 2, . Then the 
doubling process can lie described hy 

x(n + I) = 2x{n) (XI) 

If we provide the initial condition \{0) — a, we can calculate the number of 
cells after any n time steps: 

i{n) = a2" (32) 

This is a simple motfd o( e\l>OT\ej\i\ni growth. The nice thing about the mathematical 
formalism is that it provides us with a general solution. Instead of doing iterative 
t) e. repeating) calculations to find out the number of cells after, say, 100 divisions, 
and redoing these calculations if instead of five initial cells we were to consider six of 

them, we can immediately provide the result hased 
on the general solution 02t 

However, this model can only describe systems 
that are very well synchronized in time, where all 
the cells divide simultaneously and similarly. This 
is quite rare for real populations, where divisions 
occur all the time, and therefore the process is not 
so discrete. In this case ir makes sense to assume 
a different model that we formulate in terms of 
growth rate. Suppose that each cell produces one 
new cell once an hour. This is more-ordess equiva- 
lent to the above model, but now we can remove 



How did we get from (3 1) to (3.2)? 
Certainly, it x{n + 1) = 2x{n) t then 
similarly x{n) = 2x(n - 1) and x{n - 1} = 
2Mn - 2). Substituting, we get: x{n\ - 
24n - 1) = 2 * 2Mn - 2) t and so on, 
x\n) = 2-2 ... 2^0), Keeping in mind 
that x<0) = 3 and that 2-2 ... 2{n 
times) - T t we get the result in {3,2} 



the synchronization. In two hours one cell will produce two cells, and in ha If -an- 
hour a cell will produce half of a new cell. This may not make sense for an individual 
cell, but with no synchronization this makes perfect sense for a population of, say, 
100 cells. It simply means that in half-aivhou.r 50 new ceils will be produced. We 
can then reformulate (3.1) as; 

x{t + At) = x(0 + x{t)< Ai (3 3} 

We have substituted i for n to show that time no longer needs to change in inte- 
ger steps. At is the nine increment in the model. Noce char if At - 1, model (3.3) is 
identical to model (3 1) 

x(t + \) = 3f(t)+ - Z*(r) (3 4) 

However, it we run the same model with At = 0.5, we get a different result: 
x(i + 0.5) = x(i) + x(0*0.5 ~ \.5x(t.) 

Then similarly 

x(t + 1) = x(i-0,5) + x(t +0.5) -0.5= 1.5x(i-t- C15). 
Substituting from the above, we get: 

4 + I) = 1.5 - 1.5*(0 = 2.25x(0, 

which is different from what we had for At = 1 in 4)- We see that when we 
change the time-step Ae, we get quite different results (see Figure 3.1). The more 
often we update the population of cells, the smaller the time -step in the model, the 
faster che population grows. Since new growth is based on the existing number of 
celh, the more often we update the population number, the more cells we get to con- 
tribute to further growth. 

Indeed, let us take a closer look at Figure 3.1 and zoom in on the first two steps 
(Figure 3.2). We start with a certain initial condition - say, 2. We decide to run the 
model with a certain time-step - say, Ar = 1 . According to (3.3), the next value at 
x( I ) - x(0) + x(0) ■ At = 2 + 2 ■ I = 4. Ac time we define (3 3) for the first time- 
seep, and we know that during this period of time nothing is supposed to change in 
the equation. Only when we get to the next point in time do we reevaluate the 
variables in (3.3). Now we change the equation and diverge from the straight bold 
line that we once followed: = x( 1 ) + x( 1 ) - At = 4 + 4 1 = 8. 

If we had chosen to run che model with a time step At = 2, then we would have 
stayed on the course longer (the broken line in Figure 3.2), and then x{2) = x(Q) + x(0) 
Ai = 2 + 2 2 = 6. See che difference v 

Alternatively, if we had chosen to run the model with a time step of At = 0.5, we 
would have corrected the trajeccory already after the first half -step taken (che dashed 
line in Figure 3.2), and then later on every half-step we would have been correcting 
the course. As a result, by the time we got to time 2 we would have got to a differenc 
value, a subscantially different one compared with the case with Ar ■= 2. So ike. smaller 
the t3m&$t&J> w& use., ike more often we correct the comtf, the, less the computational error. 

Note that equation (3.3) is similar to the kind of equations that we saw previ- 
ously, generated in Stella. Remember when we were clicking che little triangle in 
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to the model (formalization: 2.72 in (3.7) b not titgt much larger rhan 2 in {3 2} 
However, rhe exponenr that: fa used in the model blows up this difference tremen- 
dously. The time -step used in the model becomes a crucial factor. This is something 
to remember: models with rapidly changing variables am extremely sensitive to (he st%£ of the 
time -step used. 



So what does this mean in terms of our I i tile Stella model? As we have seen above, trie re is 
a dl in the equations file, So now we know what it is all about. There is also a way to change 
this dt Click on the "Run'* menu, and then choose "Run Specs." This will open a dialogue box 
that contains the time specifications tor your model run. ''From" will specify at what time you 
start the simulation, "To* teils when to end. "DT" is the time-step to use in the simulation. 



Run Scvecs 



Length of simulation: 
From : 



To: 100 



DT: 25 

£ DT as fraction 



Pause 
interval 



Integration Method: 
@ Euler's Method 
Runge-Kutta 2 
QRunge-Kutta 4 



Unit of time: 
O Hours 



Q Weeks 
jQ Months 
£j Quarters 
O Years 
@ Other 



Time 



Sim Speed: 



Run Mode. 
Normal 
3 Cycle -time 

Interaction Mode 
^ Normal 
Flight Sim 



reat sees - 1 unit time 
Min run length; sees 



^Analyze Mode: stores run results in memory [ O\0 MB required ) 

Cancel ( 



OK \ 



Let us start with DT = 0.25 and fun the model The result should «oo< something 
like rhis 
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If we now change the time-step to DT - 2 we will get a similar picture, but not exactly 
the same: 

PofwUli 

















/ 




J 





Notice that with a larger t me-step we see that the tempera ure changes less frequently, 
and, besides, the population grows to a smai'er sue. See 1he scale on the Population axis: it 
has Changed from 400 maximum to 300 Something we could expect just as m Figure 3 2, 
we see that the growth is slower when the time-step is larger, the variables are updated less 
frequently, and therefore the growth base rs smaller in each time-step 



Equation (33) in a more general form t$ 



(3.8) 



where f(t, x[i) t a) is the transition function that describes how the system changes at 
time f. lr depends upon the current scare of the system x{t) t and a vector of parameters 
a - {a^ih,- - ► Ai).* These parameters do not change over time. Sometimes we assume that 
the parameters are hidden and write simply /(r, x). As a differential equation, this will be: 



4* 
dt 



Differential equations are very useful m formulating various dynamic models. The 
left-hand side dx/di is the instantaneous change in the size of variable x. On the 
right-hand side, we can specify what the processes are that contribute to this change. 
In the example above we have a very simple transition function: f(t, xit), a) — x(t). 
In real models, the function can be quite complex. 

Some of the more simple differencial equations can be solved analytically. 
However, once we start putting together realistic models of systems, very quickly we 
arrive at equations that ate too complex for an analytical solution. These equations 
are then solved numerically, using a numerical method on a computer The simplest 
numerical method is given by the approximation that is used in (3.8). The equation 
in (3>H) is called a difference equation, and it is a numerical approximation of a dif^ 
ferencial equation. As we have seen above, such difference equations are discrete and 
can be solved on a computer by going through all the time-steps starting from the 
initial condition. The equation in (3.8) is also called the Euler method, which is the 
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Exercise 3,1 

2. Rvm^lHs the model wflh tnfita q^mUi m q r.*Etfrflr[m tChil |k ^ i^fl ^ an!-^ 
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The litems complicated and most often used version of the Runge-Kutta algo- 
rithm uses a weighted average of several approximated values rjf /{f k x) within the 
interval (c, t + Jr), The formula known as the "fourth order Runge-Kutta formula" is 
given by 



x(t + rfr) = 3t(t) + 



1.6 



(fc, +2kj + Zij +Jt 4 ) 



J here 



k 4 *=/k+dc,-Je(0+A lc 3 ) 



2 



In our population model, if we choose 
the Runge-Kutta 4 method we get the 
population of exactly 1,484 after the 
100 days of a run. That is a perfect 
match with the analytic solution. Quite 
outstanding ! 



To run the simulation, we also start with the 
initial condition, at x = x(e^) and find x\ = 
x[Iq + dt) using the formula above. Then we plug 
in X] to find xy - x{t\ + dt) = x(r + 2dt), and so 
on. Once ay am wc pay a price for the improved 
accuracy of calculations: now we have to calculate 
the transition I unction four times. 

The Runge-Kutta algorithm is known co be 
very accurate and behaves well for a wide range of 
problems. However, like ab numerical methods, 
it is never perfect and there are models where it 
fails. One urn versa I rule is rhat the smaller the time-step, no matter what method 
we use, the better the accuracy of rhe simulation. To ensure that you getting the 
right result u-irJi your numerical method, you may vxim to keep decreasing the time -step 
imril you do not see &ny difference m the results ihat you are generating. There are some 
adaptive step-size algorithms dial do exactly that automatically. Other algorithms 
are also available, such as [he Adams method or Bulirsch-Stoer or predictor-correc- 
tor methods, that can be way more elficicnt ft>r some problems, especially when very 
high accuracy is essential- Just remember that there is always a price to pay for higher 
accuracy. The smaller the tune -step, the longer at takes to run the model. The mure 
accurate the method, the longer it takes to run the model. However, sometimes one 
method is simply better for a particular type of a model - it runs I aster and gives bet- 
ter accuracy. So it always makes sense to try a few methods on your model and see 
which one works best. 

We have already seen that the sue of the time -step chosen for the numerical 
solution of the model can significantly change the output produced. Let us consider 
another example. Suppose we are modeling a stock of some substance that is accu- 
mulated due to a Row coming in and is depleted by an outflow: 



Stuff 




In Out 
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The equations for this model will be: 



□ Sto^KO = SluH(.- - dt) 4 {In - Oui; * df 
IMIT Sluft = 
INFLOWS 

^ In - 1 
OUTFLOWS 

Oui ■= GRAPH(SUjlf) 

I (0 .00, 0.09}, (0 f, 0.53), (0 2, 1 06), {0.3. T 32), (0.4 1.47). (0.5. 1 .561, (0,6, 1,62), 
V (0.7 1,67). (0 8, 1.72}, (0 9, l. 75). [1, 1 77) 



Hie inflow is constant, whereas rhe our flow is a (unction of the substance a ecu 
mil laced. It may be described by a simple graphic function of the form: 
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0.000 ' 





/ 



t 



1 



0.000 



t.000 



Stuff 



Data Points: 



11 



If we first run the model with DT =* 1 usmg the Euler method, we get a very 
bumpy tide i and an oscillating trajectory: 




12DG 
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The very Niime model but with a smaller tt me -step erf DT = 0.25 produces 
entirely different dynamics: 



I Stat* 
I 030 



o ie 



Is... 



— r— 

300 



— I — 

600 
Time 



— 1 — 

900 



000 



Finally, it we switch to the Runge-KuHft, fourth- order method, wc get very 
smooth behavior, With the tnijecrory te^cHtng samfa'mkt level and staying there 



l Stuff 

020 
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I 000 
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000 



300 



— I — 

Time 



Too" 



1300 



The very samp model produces eat i rely different dynamics by simply changing 
the time- step assumed. Clearly you do not want to run your model with too small a 
DT since it will require mote computational time and may become more difficult to 
analyse properly However, too large a DT is also inappropriate, since the results you 
produce may be entirely wrong. 

Here is yet another example that shuws that DT matters and that it is always 
important to remember the equations that are solved to run your model. Quite often 
m models we want to do something to the entire amnunr stored sn one of the vari- 
ables. For example, at twain times ws need to deplete a reservoir, and then start 
filling it all over again. Or we may be looking at an age -structured population, when 
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after reaching a certain age the entire population moves from one stage (say, eggs) to 
another stage (say, chicks). 

Let us consider a simple model of a flush tank that we all use several times a day. 
Water flows into the tank at a constant Flow_Rate = R v which is altered by a floater 
attached to a valve. As the water level tends to a maximum, the valve shuts the flow 
of water off. Knowing the volume of the tank Tank_Capacity - V, we can describe 
the inflow as 



R 1 



J) 

v 



where T is the current volume of water in the tank. 

The outflow is such that every now and then somebody opens the gate and all 
the available volume of water is flushed out. To describe the outflow, let us assume 
that Use = u is a random value between [0, lj, and let us define Flush as: 



F = (0, if li < 0.99 
T, otherwise 



If we just put these equations into Stella, we will get this model: 



Tank 



Inflow^-^T^ FllJSI ' 1 



Flow Rate 



-o 



Use 



Tank Capacity 



t can be downloaded from the book website- 
Using the Euler method and dt = 1, we will get: 
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which looks exactly how we wanted. Every now and then, the tank is emptied, and 
then it is gradually refilled. Suppose now that initeyd of dr — I we wish to gee a more 
accurate solution and make di = 0.5. Now, the output looks u,Liite different: 




li:IT 



Not quite as expected, The tank does not gee emptied any more. What has hap- 
pened? Ler us look at the Stella equations for t\m model: 



[ jTanKf/) =TenkO- tfr) + [Inllow- £\\j$h) - di 
INlTTank s (i 
INFLOWS; 

Inflow = Flow_Rate*(1 -Tank/Tarik_Capac:i(y) 
OUTFLOWS: 

<2p Flush = IF Use>0 999 THEN Tank ELSE 
O Fiow_Rats = 0.1 
O T B rtk .Capacity = 12 
Use-RANDOM(0.i,14} 



It is clear that, contrary to what we intended, the outflow is not T, hut T dr. 
That is why di started to modify the model output so dramatically. It should he 
re mem he red that wtanrvLT a flow is described in SteMa or another similar package, 
it is then multiplied by dr when it is inserted into the real equation* to he solved, 
Therefore, if it is actually the entire stock chat you want to move, you should 
describe the flow as T/'eir. Then when it is inserted into the equations, the it gets 
cancelled out and we can really flu* the entire amount as it was intended 

Therefore, the correct Stella equation; should be: 



I I Tank{fl =Tank(f dr) + (Inflow - Flush) * dt 
fNITTank = 

INFLOWS: 

^ Inflow = F low_R a te H I -Tan kjTank, Capacity) 
OUTFLOWS; '^~""\ 
Flush = IF Use >0 995 THEN'TariK/tfpELSE \ 
Q Flow_ Rale = 0.9 | 
O Tank_Ca pacJ iy = i2 Note this change! 

O Uso = RANDOM(0J.14) 
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i I'.f. 1 1 . |i iirp h lr ii ihi i li J ■ j : ii i t h*: L .1 j,I rinr in r% it ihi rrta i lr I n -rrui i 
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wulJ Li-r| J^pirlirq thr -tiBi jiI I n 4 nana- rri Bra i piuJ ni^ St irr i 
injiiiuiii n.nrv.l, hiti 11.1 liiiJ .niniii ^r.|.jur. i-ihw l itip 



Exercise 31 

Ci* ytxi rilpffnulit* iht trw* m utih « p* ~+ p-y-rf :+ .-.e 

wnrinr any cDmpiiiiii:.iiii Twirad Up bmHhL Jl'U^n -ar*. aj^rd a* 

frtflldl 1.C Qtfvfrl m^tfioda Eha caJflfaw atarli r ebbjpbtb tw lI.br hu tr nrrwiH?"ir# nm^ 
iKil. raw* fkajugti Lit* Lp«< rt ckrt rlo^ or r I Ni 1 



^.*P InbJ" l3%P UB-rf-.rtil m.»mJf . iKjr 1 lif ^ L%- ..ajU^J hrrp IU |.IrP B lrir ir.,h" I 

tpt p pir ■ hi ii ii. btb; hI^pvE 'Itp liTrmjIn i J 1 I ha [Tttrwi Kji n an r l.i i in unit e - 
wlw I in itr iKn L 1 Hlnp^p itp r»^p--i tnr rrn Ln . n p-ipr^ nmii n 'vrr - . >fji 
! hp-r at aup'p .-■'.ix.-tp-i'^y ■fc* lu> i -j i^upta . 1 uj-^jp- « jr«| Lit . Jhrn a.^ w. 1 1. 1 

i^rJ t- ^4x< chr rp-if **-J -r^.^ ^iJp- p *e(- *ik% a rhJrui 3^u, h 

■ii m.iillv .binuriprJ will IW &.urju a H - , p~uLi:h 'ii. nr jii ih ^'a li i^y jli -hr It'iji 
a a . i" ila- latpl r.| irunv ar^l In nia | 1-b h | bt r* -1 it bp .jit iKiu! -n r"ir iin - ^1 
ta«P u s lfc| 

Lr^ >■ 11-r.ipJii j>pH"H! iMiim frafVi^H i ^ ".Sc *'p^^ -i m t->i 

m i .fji k ^ia x.;^ Irm * lV-j-J - t*I IV' ^ E^Pi rTp.^ro *--u Jtp.-*r 

■ ■ha cjupLrani h n ' nr m .uri bJit~bj |i iLraswh 1 * *l ^tu iif iir j flapJ liKjiv. an fj it 
a i.nurj ^iir i ji f n i lur ihiuLiir hp ur ri jip ppi imr In ^LliriLn :K-ir 
i-fcf bv-p,-^!, |.ir«rH * I .P t ^>" p1 . ■ K1 ^"f^nnr. rki' | [ 

HHrTi l> Ii tv MX^Wt Si-ji i ■ TTPgT toil ii Hi ■ ■ | < P i4 1 1 & , rrp , ft"i' 1 ^hilh MM 
■Ju Lp«t i .avii.ru J^^ikl 'rii'rui-i 'i ni -fciui *.linic ,"Si i rniuJ. v-ru ^r! .1 
t'aip 1 Lb'K !>j .^p^>i. i,t i.M u.ik .-b . .II.I- 1 



- P*a PPlpf *r*W^ 

iw iun4i i?,*!^ aam 
u^j^pnuJu ib ^ppa£iwu 



^ 1 



irV a-Jr .1.1J r^l ndruJ iilbI »f jgucJfc/'u rrL#Jt, : i 
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In this case the left-hjind side is the variation in your account measured in $ per 
month. We make sure that the flows on the right- hand side are presented in similar 
units. For example, it is important to remember that the interest rate k is monthly, 
and should therefore be recalculated from the more frequently used annual interest 
rate. 

When dxldi ~ 0, chere is no change in the variable. If the inflows and outflows 
are balanced, the variable is at equilibrium, ]t does not change because nothing is 
added to it and nothing is taken away By setting dxfdt - 0, we can calculate the 
equilibrium conditions in our model. From (3.9) we get: 



If you make {q - p'i/k your initial condition: x(0) - {q — p)/fc, there will never 
be any increase or decrease in the value ot the variable; your account will remain 
unchanged. A nice guideline ro balance your account' However, what wlII happen if 
your initial condition i> slightly larger or smaller than the equilibrium (310)? 

In model (3.9) if we are even slightly below the equilibrium: x < {q — fi)jk then 
dxldi < 0. The derivative is negative when the function is decreasing Therefore, 
fur values less than the equilibrium equation, (3-9) takes us lurther away from it 
and we will be getting decreasing values for the account (Figure 3.3). Similarly, if 
we start even slightly above the equilibrium, then x > {q — p)lk and dxjdt > C. Now 
the derivative is positive, so the function grows, and therefore again we start mov- 
ing away from the equilibrium. The farther we move away from the equilibrium, the 
larger dxfdt gets, the farther it takes us away from the equilibrium. This positive feed- 
back sets us on a path of exponential growth. The equilibrium state is unstable, it you 
rake one ?rep away from the equilibrium* even a very small one, you will slide further 
away from it. Small deviations from the equilibrium will only increase with time. 

Here is another example. Suppose a population of woodes lives on a small island 
that has enough grass to support only A woozles If there are more wooiles than 



kx + p - q = 0, 



\ 



k 
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Figure 3.3 



Unstable equilibrium. Small displacements from steady state result in increasing divergence 
from it 
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Stable equilibrium When system is perturbed from steady state A - 1000, it returns to it, 



A, they die off from h unger. We can use the following formalism to describe this 
system: 



Here, k is the growth race of woodes and A is the carrying capacity of the island. As 
x approaches A, the multiplier (1 - xJA) effectively slows down the growth rate tfaf 
&U making it zero when x - A. If somehow x becomes larger than A, this same ltil.i1- 
tiplier makes the growth rate negative, providing that rhe population size decreases 
until it reaches the size x = A (Figure 3.4). 

We see that x = A is an equilibrium point, Thete is yet another equi I ibnurn point, 
whete difdt = This is x = From Figure 3 4. we readily see that when < x < A 
the derivative is positive and therefore x grows. If x could be negative (not the case in 
our system, but it could be if the same formalism was used for a different system), then 
dx/dt < and theiefoie x furthet decreases, tending to — «. The equilibiium % = is 
clearly unstable. On the contrary, as we can see when the system is perturbed from 
the equilibrium x = A, the sign of the derivative is opposite to the sign of the pertur- 
bation (negative feedback) and the system is returned to equilibrium. This equilib- 
rium is stable, 

A classic illustration for the different types or equilibrium is the movement of 
a ball put in a convex bowl or on the same bowl turned upside down (Figure 3,5). 
Even if you manage to balance it on top of a turned -over bowl, the slightest dis- 
turbance from that state of equilibrium will allow the foice of gravity to move' the 
ball further away. You do not even need to balance a ball inside a bowl; it will rind 
its way to the point of equilibrium by itself. The third, so-called neutral type of 
equilibrium happens when the ball is placed on a flat surface. In this case, pertur 
bations born the state of equilibrium do not cause any further movement of the ball 
(Figure 3.6). 

Analysis of the equilibrium and its stability may prove to be extremely impor- 
tant for understanding model behavior. In some cases rhe model produces trajectories 
that seem to converge to a certain state, no matter what changes are made to model 
parameters in that case, chances are that the trajectory is at equilibrium and there 




(3,11) 
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Figure 3.5 



Figure 3 £ 
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Exercise 3.3 

1, Consider a population of \viizI* - T-.+ic-h, i/nhke rt-oczJa - . 'jan mu^lv if t wftfln hjW 
6*r3 flr* lar&frf thjiii e certain minir^nl value a 't ih'tjirii pr* ^i«lfl% h! . p ih?y ^irtrjH 
find 3 pertn^T few mali^g and ihs populati-on dies -irF TKi envying LRJtt-i-y oF -ne 
irvtiere Wr'lt^ live- is siso ^ Odiously. ,^ > - LV■l3 , *- ^Lni? 1 ^u'j &tw'w -nt ^oi;u!jt-o<- 
dyrarnks of wizzles on this island? 
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The importance of initial conditions 



cffri ha easily saen irom thesa eA&T.^lffs ir some n-odels. The cL:icun:e o a aiion ^ 
ainfros-i ini^peneteflt o\ i^e i™.^ csncmcuj ir/ieec. r . i^n? f-edtf vvi: 1 ' a^nerMi G/g^rn 
lof g^mp**. no ri-attgi whe'e we ^Cp' 1 -ae- wv ^^K^ tfrP -'to visiy wy r jy ^u'^fl^i Let 
us say \ve have lflu moh;iclV*als char nci.oiK acrsiiiira :s ihe. s v^f^x-al gjs,Wfr*t; r^iel An*r 
25 flCnarslfCBi^ thgrg Lyill be 7 82^33^39 {agipis^ '« ihg pc^ubhsn 1 1 w$ ;js.frrt .w*t-i 
10 percent mane- rdry^uaJLs a: oerj..^ "-fi. w" "fvc a 3 -3. 02 ■'. 'V ^r smp an^r 
25 gene-Talons. This is. shll 10 Mice"! "■wa wn<n u tiaMvtttrg) ara utj-^j ew>ea beajiiin. i 
mind that the population e*.panc.£ a::L.ftr<_kfig m x. :he hri^Tjifa ma: ^ clftrr^fl Ati^v* rj?^ 
whef-o P c is. thn iralHl condilion iflJ 1 1^ lung l-LV-^vgr. when yrsu -g: jhg vsrv 
rwrnhera these 10 percem do ict EfW* ic= ^"arser as m./jn arm T^e grAp^s c ; t n *i "wo ■^■■•■"S 
look. «*fy Siiflittr you slJi yel a lrary. viry fry htfttEte' . 

Similarly, in the 'asi fcxA^iile :hal .» .-"■lahlij (■H.|!ji|i!:ii , an lijr IV 1 pijpt^tfaji.-nJ wiKJ/Jiih 
In th'5 tilEimarg pdptffflfpn 15. olwjys rhg "E-B "'■»?, n<> T^llfr' '.■■^^■"h- Vrf? Tr& nii.jH 

po^Jtoni cs^i be 10 or itiOG »:w.r oH. &i ■ wo w 1^0 u £ ai iny ^-WM^ pufti 

the jySWfl m frfe Wnk accc-," 11 fi^ft^ ^owe^e- 1 . titkbtyvs a ■aui;a"y crFe-ei*! 1y:;e i?r 
behavigr. In :his fhs iatiq resj:l: a er hrftiv i^«n:iiwl fry the uai nl < d-TJcim U v.i: ^\m\ 
wllh a J^ttJe; ov^gr I50..C0D, w dg^;i--»d 'or ijr^ssjeiiTy 0».t ^iXcjui^ wll gicw mde h^irel y 
Ho.*n5wer, iF are gnfyjog rhe nioe^'-M^i:.:" ^a'/ef |usi ^ ii^r'tj '0 53 i^e 1-1 ii^.^-O &ig-T 
^■ilh. \vq w*!l iw^iabUy end up in total :>ov^ rtv. 

IhlJ 13 IY>t 10 impty Lhftl iXJ tiimI ty. tyr. ■; 1 ::u Myy."i.:r ■ -s r'Ml -y -Ji.:S( 1 iwa:! tw --iLic:!. -siiTijx-n 

model, tj-'r if v/e Hwik abaft il. soii^e oi rffvy q.r r^T...'f!i o,i v^a'^ a^u^-^lgujn O'er^v 
well capu^d by' t "I he 'Gai/ls wi: uirecvT! io 'e^i-alt tt 1 ^ ^vg> '-d'jtu'-w^'.ea lacr 
lha; 'Lne rttii gal riLhav. and [he ;jher piOdreV If. =faaJnv Ehe^e ar - derranUy ::-;fn e 
proies^s iiTJclvgd that n-g^g- in* nickirg nic#? Db&ojJe. (.rgri:in;i ;>o^sibi ribs- i:? 1 M-r:!jibo- 
^iora tha 1 : bounce c^rr^in ind«virtiiair? si.r thp niei-d H:.r,vevMf ro mr|r| ^' 1 se^se w n 1 k- : ■ us 
lhai rrW^l qi 'ihe adoViOnal procesyf-^: Wi actuLj r v ye v^- S Lj^rj^ftMififJ t^is be^e^- 

ifX. Indfi^, vhI'wtm wAAllti^^r*: fcvfLT.s !t: ;"r;i;rS- i^'ik\^5 Hrts. ^t=; vhiII j*-. 1 -**- ii; ■! ! j! is; Vj. ! p iis jkk-vt::- - 

will bg thg-?'i ui«*d to create mcrg ■/■.■++H"i r -». 1 hi 2- 1^ anci^gi uosin - g F^edba^k. '^. hi^-, acas yj :hg; 
paaiiivt ieeaba-A already e^oenaen in^q ine ftcio^o^-C SV^it^ inoi ->vf> nesc<-.at:J uS- 'fl ""ft 
bank account rnodgl <Can liy j'e ^ia: '.^e feedtaA y Eh^: ^-g a-e Jt£tf!t>;>y ? i 



1, •:• n 




On in* Other h*nd. I ^>Hlei i f [hii -s aigo cne F cue reasoi-is liie maiii^fresip gc-on- 
is so atidicled to eAUCii^mtia* grewm as ^he only pggjtfH) ^ifr^ft o-' ^.*0'6 eLflnfjr^ 
teiti tJorforn^nCB. Indeed, m m p3^n#ii!rt!tv a^jv^nfj h>^:^ni 1.- niuch ear^r lo hi^ : h e 
impoflance of Initial conrlilior.B As = panicirar-T of thg g>^jnrr -Ui> fv jjr^A'in.; Hv^.r^r- iwi^* 
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v,ntti i-tir'y btiie tfinai vweaiTr;. we see*-'* scc^e. fr^e c^ n - ifwfc£ e*f>"?tr ro ^^oepii^uy 
increase 1hi-B weatth and beoanna as ch 55 ^ms i-c ■ i - 1- ■ - - - lhH z oi'Vi rtv£ A i h oi?t 
wgre wjpy Ol rhfi fceflirvuny Well. nMytw gw^-Iy i Ms IhJj vei v weiy ith. 

future bBCO ; rne& mwih l~P unlikely i 1 |"hn n^nryvi rv ■; (jKwir'j *;x| ;■ a ;k ".! mfiv IhPir:- 

foc* Eh6 r^lc u' initial C0f*tfingns ae comes mucp m-Ti &£pott»d r-'yi nbv-His Tftif 1=. ihe find jiF 
The ''American Dr^aT^ *cx n*hy - ftctaoty. r;ir rririi;i 

3.2 Space 

] ifri* t '.ai; iL-pivivliT >| J«. v ? TH"! i-h t-- ribr." flfuM Avi l i^ii i - f infkV whtil viWttti! .« 
iiu*ir| Piyr«! riijiLM. |;o kuL tfi>.- ^\ iNt ii J-ti iJc hap "itr^pi 

{.""ii. 1 " SntfJil fi^e^r ji.n l 4pgi|-JJtl miJiiii'^i; ol I.! it t ysl r"i i" ii larfiltO LV. N3. i la; jsL L* - 

Box models 

f U I Iv r.ln- >.JI!.I* "FV'tV i 1 -li r li~Ii~ll-- Pi I 

v.iji.jli; ajrifci] k'Vj^.MLr Ttiii iii.t, Kr^iicirioiA? rtv? 
syv^m ;i:-l*"^J ^-[VeI :. i l> ■w-nii-^.Ti^i-i:.-. . r I iw 

* wit, u> Jr&l :-^\\ &ii.ti v.ir^hl-^ c h^c RtrA^/^J 
iH.'-'S^ -- a %-n" l" . ■ M it r""V ■ vilv.i >!,>.■ h*->. ^1 ■. y.i" ix*f 
bywf it trjfa-iiriffl,! JL *. nix (Ml it \f\ '.^•-"•^ 

t^mii llviv 1 in r-nnir F*«s iv^ ^ijmm. 
ScVii cttf&Mt', h'c ItjkVf i H"i \ thi- 1 1 1- 1 - : | ■ ■ i r ^ 1 1 .Kii,n:n % 
:■' i^iif ■. :-3 rr >:4 - ,ie..J .i -.v-l ta:i ;T . j : ■. 1 1 a . ;-u ~; ijiiir". :r i;Uj! ruyJt uCtp ih U/l ".'>.:: tJ*- 

^ " ■■ l r. 

rl^■r^■. ^ r h?.- tefc.fcw .-f ifr.- -^.iir farwltlti ^ - Cif^*. i^ b" i^ iiu fevt^ 
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Compart mental models 
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spatially homogeneous component, also called a coin- 
partmenr. These are then linked together by flows of 
material or energy- In effect, a compartmental model is 
a number of box models joined together. For example, 
this is how we might w-ant to present a small stratified 
lake, where the upper part of the lake (epilimnion) is 
separated from the deep waters (hypohmnion) because 
of che temperature gradient. The warmer water stays 
on top and gets well mixed by wind-induced currents, 
making this upper layer spatially uniform. However, 
the currents are strong enough to mix only a certain 
portion of water; the rest of the cooler water is not 
involved m the turnover and remains somewhat sepa- 
rated from the epilimnion. It makes sense to represent each of these spatial units as 
separate box models and link them by certain fluxes, such as the sedimentation process 
of material across the boundary of the two compartments. 

Each of the box models may be described by a system of differential equations 
with initial conditions: 




dX l 
IT 

dt 



F t (X,( £ ).P 1 ),X 1 (0) = X 0) 
f^(X 2 (t),P 2 ).X 2 (0) = X 02 



F n (X n (c),P n ),X B (0) = X OM 

Here, once again, X, is the vector of the state variables in compartment /, P, is the 
vector of parameters used in the model in compartment i, X 0j is che vector of initial 
conditions for compartment i. 

As a discrete interpretation, similar to that which Stella generates, we get a sys- 
tem of differential equations: 

X l (£) = X,(t-Jt) + F 1 (X 1 (t-di),P l )di 



X„( £ ) = X n (c-d t )+F„(X,,(t-d t ),P„)dc 
These are then linked by flow equations: 

X, (0 = X ; It- dt) + \ £ X , ( t - dt) • Q, X, (i - di) ■ Q t) 
+ ^D r (X ; (t-dO-X r (r-cit)jdi 

Here, we distinguish between two types of flows; advection and diffusion. Advection 
describes motion caused by an external force (such as gravity, which causes sedimenta- 
tion). Q defines the advective flux. Q (( represents the flows that flow into the ith com- 
partment from the surrounding jth compartments; Q J; are the flows that flow out of 
the ith compartment. Diffusion is defined by the gradient or difference between the 



dt 
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Continuous models 
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Time and space scafes ltt 
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wf-.ich is *jire a tfistence' SortnGir*>fl similar 15 fountf in The subalomic world- As we 
rave seen, the tin/ paMH^es ol i^e micrcworld have liletwnes 0' less t^an a rniltortth ul a 
aecofio 1 . This is extremely arvon: iri che hgimsn Hmeacala. However, thair size is also very 
smell and ihey ^aycl si ii£h-n.no-iasr velocities To make mcne sense ol ihis comparison, 
physicists have come up with a measure nailed a M p*rtidB second'" - a jni" Of time equal 
Ig lO" Z3 seconds, hvnirjh if. rhe nn^e needed for a pfirtic#e to travtf over a -distance a few 
times i's own sub. Varices Demotes haw lifetimes thai vary between 1D and 100,000 panicle 
seconda 

Such reaohutions du not mate any aertsa if wa are considering geologiral change, move- 
fKiefii of continent or rising t>1 nxjuniains However, ccriair slc-v processes ^nay be abrup'lv 
ilterrupled by fast and violent iluctuetiorre. Slow geological charge vialds 1o an earthquake, 
when m mingles and hour? we see more disturbance ITtan. ovei ihe ihousand year*, before 
Ulat. Modeling processes lhat occur on a variety ol scales js a big challenge, since it is prc- 
Nbltluety tiara so represent thr* slow fxoce.wes a< tha scale el the raoid ones However, It w* 
icpera tfle Singulatfrttes cornpleielv we cr*ay miss some raally irriponanT changes and; Irans^pr- 
mefons In the aytfem 

When sizes don't differ that much, there nn exacl relalicrship beiwee;* temporal and 
spatirc scales For instance, s^nis rwtjw ih^i environment cmoe In cvuiv 4 fti^Qw. Even 
though humans ara targe*, they can do a better job. For us, the world around us changes 
approximately once e-zfrry t/24r_h o< a iecon*.Thls rcsoluiiort of oufs is whei defines tfte raw 
cl chance of snapshots In movies that v/a walch. If we- do it Sess freq*jenlly, wa saa how 
(htt mo-iton becomes discontinuous, hrjuy*s start to move in jorks, |l we 00 it faster, yv<j will 
not see the drfferef^ce. We can actuatfo inaen" another frame Hrid we will not register i1.~hey 
say chftt there is s nwhod of manipulating oeople. called r*e "25th frame." Th«s is whan a 
25th frama ia inaeYted and ma movies run ai 1/2Sth t>1 a aecond. "Tfta single 26th frame can 
fc* ciUircIv OuL ol ccnicKt ai-id liijrnans !o net consciously icqis'cr 1 1 However appO'en^ly 
it affects our subconscioua r*nd ir* information finda rta way io ihe right pana of ^he brain, 
infiuflncinrj our Opinions and doCisionj, 

This woulcr not be posaihle for a fly, which scan? the environment 20 times faster then 
wc do. A Fry would &ta*a at t*va f rama for long; enough to raalizo lha?. son^thing totally 
cut of content was bei^ <ji*oinyeci On the o-lhef h#nd, a s^em wouto wef even see thb 
tiamc Moreover, if you mova ^as3 enough, in A sec or ids you can p+ck □ anail irorn the grourd 
and put il in, yow basket R?r ihe snail thi^ kind of tFanarormas^on will occur inatanjaneouafy, 
it wfll never know how it gol from psace 10 another. T^se considcra^icrs arc impo tent 
wher, chc<?s*ng The .^hi resoluTjofts for yck* models. 
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Modeling advection 

t..- >! :5-kJfT Aw ■ tl.-.l 1 1! II ll I- II I >'j4 J ^Cn.lll L '.!!.■,: l!Uf3i: III >IJ i-.l ! 1 1 !MT --L!Li| '^YA. m ^ •? J r«! 

bo^K i-TpL ^ r Q"i l > •.in? *r*i\}A .hrn^n^ iC"i iscrh^ * l^nn; rip-* n • tf>q ii 1V> iii^^t^l 

J:-. : t kJ 111:0 f^L..i! ^.^iicn^. rjili Ax !mm^ Tlhr & -ntf-fl 1« s a I I,n0 thv «i^WtK>: >n 

Piidi *rj?tfcr*T hr tKl I! .1 iufu'-l liin ' m A !i:rli 1 : 1 1~ e- .iiiJ Ir-ei^lli MG'Jf^st 

^.iifi. T - £i"iLwu;h ^^0.^11 rhink ^hcur [h.? n-iC^^I %;.HnpprrinriiMj ^Fv^ <.irr.r - d 
JiTUuIip-H 1 dr^-fll-^.i i*l>.!-.v 



Essentia! Math 103 







C(t. X) 


C[l X + J X) 





JX 

We also assume that there is a certain velocity of flow in the eaftaL and that it 
is constant. 

Let us now define the concentration of the contents in any given segment at rime 
I + A:, assuming that we know the concentration there at titrrc t Since calculating 
concentration msy be confusing, let as write the equation ror the total amount of 
material in segment x at time r 4 Ar: 

C(t + At, x) Ax = C(t,x)'Ax - Cfo j - Ax) ■ t < A: - C(t, *) * r - Al 



flniiiL-lii II" li.im ijpin'i 



>.l.i'.^.l llll (4 1 KT^illrii) 



Rearranging the terms, we get. 

C(t + Ar,.x)-Ax - C(£, x)> A\ = C(t, \ - Ax) - r ■ At - Or, x)- r ■ Ar 

Dividing both sides by Ax At: 

C{: + At,*)- Ax -C(t,x>-Ax _ Cft, x - Ax) - r ■ At - CM , x) - r _At 
Ax At AxAi 

Or, cancelling Ax on the left- hand side and At on the right-hand side: 

CU + At ? x) - CQ,x) = C(t,x - Ax) -C\t,x) 
M Ax 

Now if we let Ax and At -+ 0, we get the well-known advection equation 
as a partial differentia I equation! 



dc 



In discrete notation, the equation for concentration at the next time -step is; 



C(t + At, x) = C(t,x)- 



\CM.\) C(t,;v - A.x)l-r-At 
Ax 



(3.12) 



It we know the concentration at the previous time step, we can calculate the con- 
centration at the next time-step. To be able to use this equation at any (x, 0* we still 
need to dehne two more conditions. Firsr, we need to know where to start - what was 
the distribution of material along the canal at the beginning, at time i = 0. That will 
he the initial condition: 

C(Q,x) = c (x) 

Besides, if you look at equation (3.12) you may notice rhat to solve it for any r 
we need to know what the concentration at the left-most cell is, where x = 0. Thar 
is the boundary condition; 

CiuO) = hit) 
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There may be other ways ro inirialize equarion (3.12) on the boundary. For 
example, instead of defining the value on the boundary, we may define the flow, 
assuming, say, that 

C(t > O) = C0.1) 

This will be a condition of no flow across the boundary, and will also be suffi- 
cient to start the iterative process to solve equation (3.12). 



Modeling diffusion 

Let us now consider diffusion as the driving force of change in the concentration in 
our system. The force that makes the substance move in this case is the difference 
between concentrations in adjacent segments. It is also good to remember that in 
this discrete approximation we are actually dealing with points on a continuum, in 
this case a line Ox. The concentrations that we are considering are located at these 
points. We are dealing with average concentrations for the whole segments, and are 
assuming that these averages are located at these nodes. Therefore, if there is no out- 
side force to move the material, it would be reasonable to assume that the farther 
away the points we consider are, the less material can be moved between them by 
the concentration gradient. 





o 


C(t, X-AX) 


C(l. X) 


C{t,X + AX) 

a 


a 








— "cz 











AX 



Just as before, let us define the concentration of material in any given segment 
at time £ + At, assuming that we know the concentration there at time l The equa- 
tion for the total amount of material in a segment at time t T At is: 



C(t + At,x)-Ax = 

nl , A ^ C{t 1 x-Ax}-Cit 1 x) ^ C(t,x + Ax)-C(t, x) 
C(t, x) ■ Ax + ■ D • At + ■ D ■ At 



Ax 



Ax 



T 1 C(t, X + AX) — C(t, X) I 1 1 j i . r 

In this equation, ■ — — is the empirically derived equation for 

Ax 

the diffusive flux between two adjacent segments. D is the diffusion coefficient that 
characterizes the environment, the media; it tells us how fast diffusion can occur in 
this kind of media. 

After some rearranging we get: 



C(i, x - Ax) - C(t, x) C(t, x) - C(c, x - Ax) 



C(t + At,x)-C(t,*: 
Ac 



- D 



Ax 



Ax 



Ax 
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Once again, ii we Ler and At — > E\ we get the well-known diffusion 

equation as a partial differencial equation: 

Be _ frc 
di dx : 

In disci :ete notation, the equation for concentration at the next time-step 

becomes: 

n , . , r , , , [C(t r x - Ax) - 2CU. x) + Or, x + Ax)\D bt 

C(t + Ar t X') = C{i. x) + (3- L 3) 

If we know the concentration at the previous time -seep, we can calculate the 
concentration at the next time-step. Just as m the adveninn example, in calculate 
this equation at any (xvi) we need Bp define the initial condition: 

©KU) = C (x) 

As for che boundary conditions, in this cast we will need two of them. We can- 
not use equation (3.13) to calculate the value both on the left -hand side boundary 
QUi 0) and on the right- hand side boundary C(r, N) t where N is the number of the 
maximal segment that we consider Therefore, we need two buundary conditions: 

CM)=bjt£); C(t,N) = b z {t). 

Similarly, there may be other types of boundary conditions, such as: 

C{c,0) = C(i,l), C(i,N - ]}= Gff.M. 
Thus will he a condition of no flow across the boundaries. 



3,3 Structure 



Consider a community of two competing species that eliminate one another, We can 
describe this system hy the fo I towing (wo Ol)Es: 

dx , 

— = -h 

dl 014) 

t = 

where & and b are hunting efficiencies of species y and x respectively This model can 
be resolved analytically: 

dx _ hy 
dy ax 

ax dx = hy dy, 



ax 1 - by 1 - const 



A good way to look at system dynamics, especially in case of two variables, is to 
draw the phase portrait, which presents the change in one variable as a function of 
the other variable- Figure 3.7 presents the phase portrait for model (3,14). It can be 
seen that the two populations eliminate each other following a hyperbola The initial 
conditions define which trajectory the system will follow. In any case, one of the two 
speaes gees eaten up fir st, w hile the other species remains. If the initial condition ls 
on the line equation ^/(ax) = *j(by) t then the two populations keep exterminating 
each other at infinite length, tending to complete mutual extermination If the in: 
tial conditions are below this line, then y is exterminated and x persists. If the initial 
conditions are above this line, then y wins. Models like those considered above may 
he called ngid (Arnold, 1997); their structure is totally defined. In contrast to a rigid 
model (314), a soft model would be formulated as: 



~ = ~b{x, y) y 
dt 

dt 



15) 



where a{x, y) and b{x\ y) are certain functions from a certain class. It may be shown 
that for most functions a(x, >■} and b{x t y) the phase portrait of system (3.15) is quali- 
tatively similar to the one in system (3.14) (Figure 3.8). One of the species is still 
exterminated, but the threshold line is no longer straight 

An important feature of model (3.15) is its structural stability. Changes in func- 
tions a\x, y) and b\x, y) that describe some features of the populations do not change 
the overall qualitative behavior of the system. Since in most cases our knowledge about 
the objects that we model is not exact and uses a good deal of qualitative description, 
soft models are more reliable for predicting the system dynamics Unfortunately, there 
are very limited analytical methods to study the structural stability of models. The only 
way to analyze structural stability in broader classes of models is to run extensive seiv 
sitivity analysis, varying some functions and relations in the model as well as changing 
parameters and initial conditions, 
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Figure 3.7 



Phase portrait for the model of mutual extermination. 
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StrucLunil analysis of models requires quire sophisticated mathematics Even for 
a simple model like that above, analysis of its structural stability lies way beyond the 
scope of this hook. In general. Table 3.l t from von BerLaUmffy (1968), shows thnt 
there is a very small domain of mathematical models that can be analyzed by analyti- 
cal methods, 

M05C of the real -world models turn out to be non linear, with several or many 
equations. Besides, most of ihe systems are spatially distributed, which almost pre- 
eludes analytical methods at analysis. However, there are numerous examples of 
quite successful and stimulating analytical studies rhat have led to new theories 
and new understanding. Physics especially has an abundance of this sort of model. 
Probably this is why most of the mathematics that is used in modeling came from 
physical applications. 
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Mathematical models that can be analyzed by analytical methods 





Linear equations 


Non linear equations 
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Ecology, social sciences and economics have yet ri> develop adequate mathemat- 
ical methods of analysis. Up nil now, most of the models m these sciences have been 
numerical, analysed by means of computer simulations. 

3.4 Building blocks 

Let us consider some of the main types of equations and formulas that you can encoun- 
ter in dynamic models (figure }9), H you have a good leeL for how they work, ynu can 
pur together quite sophisticated models using the.se simple formalizations as building 
blocks While, indeed, complex noiv linear models are notorious for springing surprises, 
for their unexpected behavior, it is always nice to have some level of control regarding 
what is going on in the model Knowing some of the math behind the equations and 
formulas in a modeling software package such as Stella will add some predictability to 
how your model may behave. Knowing how some of the very simple formalizations 
perform as stand-alone modules will help you to construct models that will be better 
behaved and easier to calibrate. Certainly, interaction of these processes Will create 
new and uncertain behavior, which it will be hard or impossible to predict in some 
cases. However, in many other cases you will be able to have a pretty good expectation 
or what the output wlII be when you put together the building blocks. 



{A) Constant growth 


dx/dt = a 
where a = const 


X 

S3 -\ v 




""""""^^ 1 1 

fa - j> -ion t « izu 




SoSulion: x = c + at 
c - initial conditron for * 




There is a constant flow of material mlo trie stock. If ihere is also a constant outflow, then consider 
a as the net rate of flow, 3 ~ in - out. 



f B) Exponential growth 



dx/dt = a* 
where a - const 

Solulion x = ce 




The added positive feedback creales exponential growth. Dynamics can easily get out of control 
because of the very fast growth Keep 3 small, especially at first when you are only tesimg the model 



■ jr.nn^ga Growth: iAl Constant growth; IB) Exponential growth, (C) Growth with saturation; 
(D) Growth with peaking; IE) Delayed response 



Figure 3.9 



ssentiaf Math 109 



(C) Growth with saturation 


ctxytff - ax - feif* 
where a and b - consl 

Solution * = 

a + bcte* r - 1) 


H 

t h 


■ 


i , 1 i 


j 



The exponential growth is now dampened by exponential dedine A1 smaller populations the linear 
funclion {ax) dominates. As numbers increase the parabola (bx 2 ) overwhelms and shuts down growth. 
The solution is the so-called /o^/s^c equation Note thai the modet is identical to the model with 
carrying capacily ax bx 2 = ax(l - bx/a) The carrying capacity in this model is then a/b. 
When x - a/b the growth is zero and the model saturates 



{D) Growth with peaking 



dx/dt - ax - bx 5 ' 

where a, b, and s = const 



5 




6 




A simple way to make Ihe model peak and then decline is to have a variable exponent in the outflow part 
and make ihts outflow grow with time, in ihi$ case again at first the outflow is very small and the system 
grows Later on the outllow becomes dominant and gradually reverses the dynamics eventually getling 
the system down to zero. Used less often than Ihe first three blocks but still may be handy. 



(E) Delayed response 



dx/dt = ax - tyx 2 {t - M}, 
where a and o = const 


















ir - is time delay 
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A powerful way to get pretty confusing results, In this model of salu rated growth (see above} we assumed 
that mortality is ::ontroHed hy the populalion size several trme-sleps ago. This may be if we assume I hat 
mortality is due 1o a disease and the disease has an incubation period of ilf. If Af = 1 we slill have a 
salu ration If if = 2 we suddenly run inlo oscillations as shown in graph. Wilh bt > 2 we have a populalion 
peak and collapse somewhat similar to the dynamics in the previous blocK. The delay function should be 
always used with caution, since it can easily destabilize your model 



Figure 3.9 
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Further reading 

If you feel that your math is too flaky you may warn to refresh it Any textbook in calculus will 
be more than enough. Try this one for example: Thomas, G.B , Finney, R.L. (1989). Elements of 
Calculus and Analytic Geometry Addison- Wesley These days you can also find a lot on the v^eb. 
fust type "differential equations" into Google and you uill get quite a few links lirith pretty good expla- 
nations to choose from. 

Berlmsla, D (1978). On Systems Analysis An Essay Concerning the Limitations of Some 
Mathematical Methods in the Social, Political, and Biological Sc fences. MIT Press - This does a 
really good job explaining why mathematics can be quite important for building good models Berlinski 
may be overly critical of some of the classic modeling treatises, including booh of Bertalanffy and 
Meadows, however most of his criticism mal<es a lot of sense, h is important to remember thai mod- 
els are more than madxernaucal objects, and dial in some cases they may be useful even with flawed 
or inadequate rnathematics. 

Vladimir I. Arnold )vis been stressing the difference between soft and rigid models in his 1997 presen- 
tations. His classtc hook: Arnold, V 1. (1992). Ordinary differential equations. Springer- Verlag - 
Can be recommended fen' those who wan: to get a better understanding of modeling with ODE's and 
master some analytical techniques. 

von Bertalanffy, L. (1968). General System Theory. George Braziller - Contains iome important 
mathematics and ide.as about the building blocks in modeling. 



4. Model Analysis 



4.1 Sensitivity analysis 

4.2 Model calibration 

4.3 Model testing 

4.4 Conclusions 



SUMMARY 

There are many ways in which a model can be analyzed and tested, and some of them 
have become more-ordess standard for the trade. There may be many unknowns ur 
assumptions that go into the rttodei Seraifivity analysis is a way to figure our how 
imporcanr these assumptions are and what effect they may have on the model perform - 
a nee. Sensitivity can he tested hy disturbing a model component that is not known for 
certain (a parameter, a function, a link), and then seeing how [his disturbance propa- 
gates through the model structure and how different the results that eume from the 
disturbed model are. A second standard analysis is performed to see how closely the 
model can be made to reproduce die. experimental data (qualitative and quantita- 
tive). This is model calibration. The model parameters are modified to minimue the 
difference between model output and the available data. Finally, other tests can be 
conducted to validate the model and verify its performance. This analysis includes d if* 
ferent methods, ranging from diligent debugging of software code and mathematical 
ft irma I nations to comparisons with independent data sets, and extensive scenario runs. 

Keywords 

Uncertainties, parameters, initial conditions, critical parameters, inverse problem, 
data model, error model, Theil s index, R 1 index, weighted average, empirical model, 
trendhne, process-based modeling, objective function, minimization, trial and error, 
optimization, Madonna soft ware, curve fittinq, open systems, CLIMBER model, vali- 
dation, verification, scenario, credibility. 

* #- * 

Choosing variables and connecting them with Hows and processes is not enough to 
build a model. Actually, this is just the beginning of the modeling process. By iden- 
tifying the variable* and formalizing rhe processes that connect them, in Stella or in 
anv other modeling tool, only one possible description of the system is created. We 
still need to make sure that this description really describes the system, and then try 
to use the model in a meaningful way to generate additional knowledge about the 
system. Why el ye model at all' 

This Stage of testing and working with the preliminary model built is called 
model amitysis. If the model is a mathematical fonnalization - say, a system of ordi- 
nary differential equations - we may try to solve rhe equations. If this ls possible, we 
get a functional representation for all model variables and can pretty much say what 
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rhey will be at any time or place, and see clearly how different parameters affect them 
However, as previously indicated, the chances are quite slim that we will get an ana- 
lytical solution. We may still try to analyze the phase plane of the model variables and 
derive same general understanding of the model behavior - perhaps by testing for equi- 
librium conditions, or trying to identify when variables grow and when they decline 
The more results we can derive from this analytical analysis the better, because all the 
analytical information we obtain is general and it describes the system behavior for aK 
kinds of parameter values thai we nuiy insert into the model - not just the single set of 
parameters that we use when we run the model numerically on the computer. 

4.1 Sensitivity analysis 

If no analytical analysis is possible, we have to turn to numerical methods. Using 
Stella, in order to see how the model performs we need to "Run" it. By doing this, 
we numerically solve the system of difference equations that Stella has put together 
based on the diagram and process formalizations that we have formulated. A numeri- 
cal solution of a model requires that all parameters take on certain values, and as a 
result ts dependent on the specified parameter values. The result of a model run is 
dependent on the equations we choose, and the initial conditions and parameters 
that are specified. Some parameters do not matter much; we t:an vary them quite sig- 
nificantly, but will not see any large changes in the model dynamics. However, other 
para meters may have a very obvious effect on the model performance. Even small 
changes in their values result in dramatically different solutions. 

Analyzing model performance under various conditions is called jemitwit> aimiy- 
iis. If we start modifying a parameter and keep re running the model, instead of a 
single trajectory we will generate a bunch of trajectories. Similarly, we can start 
changing the. initial conditions or even some of the formalizations in the process 
descriptions. By comparing the model output, we get an idea of the most essential 
parameters or factors in the model. We also get a better feeling of the role of indi- 
vidual parameters and processes in how the model output is formed, what parameters 
affect what variables, and within which ranges the parameters may be allowed to 
vary. This is very important because, in contrast to an analytical solution where we 
could find an equation relating mode! output to the input parameters, with numeri- 
cal models we do not have any other way to learn what the connection ls between 
the various parameters and the model output, except by rerunning the model with 
different parameter values, Whereas in the analytical solution we can use a formula 
that clearly shows how a parameter affects the output, in case of numeric runs we 
know nothing about what to expect from the output when a parameter changes. 



In Stella, there is a method of making estimates for model sensitivity 
Choose "Senst Specs " in the Run menu A window will open that will 
allow you to set up you; sensitivity test 
The following steps- will be required: 

T. Double click on the parameter that you want to test for model 

sensitivity. It will be moved to the right pane 
2, Highlight tfie parameter in the right pane 



Help 
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Sector Specs ,. 
Sens! Specs... M¥ 

Run 5p«C&... 
Rang* Specs... 

Check Units 
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3. Set the number of parameter values that you wish to test for, 

4. Choose how you want The parameter to change its value. 

5. Make sure you click the Set button to fill in the table on the right, where parameter values 
wil! be automatically calculated to run the model 



Allowable 



■j.rlk. 



Sensitivity Spec* 



SsktLed (Value) 



3. parsm (0,1.1 



Table 



<< J 



Incremental 




Ru* # Value 
PP 0.01 
fi 0.U3 
'3 0.2SS 
4 0.37S 

OA 

M Sensitivity On 
^ Ptmt Setups 

Cancel j ' OK 



[ 



If you now click "OK," the model will run several Times in a row for The different values of 
the parameter chosen. Before you do that, you need to prepare your output. Make sure you 
create a " Comparative" graph to see the difference in the output that you will be generating, 
For example, in the modei that we were building above, if we start changing the Birth Rate 
parameter we will produce a family ct curves, which show that the model is quite sensitive to 
changes in this parameter. 
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11 you modify another parameter say the one that is related to the effect of temperature, 
you will get another bunch of trajectories. 

You may already notice that apparently the change in this parameter has a less prominent 
effect. While you can see some considerable variation, you do not get the curve to decline to 
zero - at least not lor :he values of the parameter chosen for this experiment 



Sensitivity analysis explores the parameter space and can help lis identify some 
of the Crkkd parameter values, where the model might, for example, crash or run 
away co infinity- Every combination of parameter values translates into a specific 
model output. It is like testing the landscape for hidden surprises and trying to cap- 
ture trends in model behavior in response to the changing comhi nations of parameter 
values, figuring out how xo make certain variables grow, or decline and at what time 

Later on m the modeling process, when we collect evidence of the model actually 
representing the system, and fuive sufficient confidence in the aiodel performance, we 
can perform further sensitivity analysis to the point where we make conclusions about 
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Qualitative comparison may become difficult as we close on our target, getting 
the model output almost identical co data. We may be still improving the results 
somewhat, but we can no longer distinguish the gains by simply staring at the graph- 
ics. Another case is when we get a better match between output and data in one 
time range for one set of parameters, but achieve a better match with a different time 
range for another set of parameters. Which parameters do we choose then? In these 
cases, visual comparisons can fail. Quantitative mathematical formulas can then 
become useful. One simple formula for the error model is: 



(4J) 



where x, are the data points and y, are the values in the model output that coi re- 
spond in time or space to the data points- Note that this formula tracks the relative 
proximity of the two models - that is, for larger values we allow larger errors. The 
smaller the error, E, the better the model calibration. This index is quite similar to 
The ills measure of forecast quality: 



E. - 
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(4.2) 
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In some cases, we may be concerned only with the average values over certain 
time periods. Then we can compare the mean values: 



E = 



(4.3) 



Very often, the metric used to compare the models is the Pearson moment prod- 
uct correlation coefficient, 
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(4.4) 



or the R 2 value, which is equal to r. This correlation coefficient is good for matching 
the peaks. Note that unlike the above error models, where the best fit came with the 
minimal value of E, here the best fit is achieved when r 2 = I . 

These formulas become more cumbersome if we calibrate for several variables 
at once. In the simplest case, we can always take an average of error models for indi- 
vidual state variables: 
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Figure 4,1 



Experimental model oi the microbial system. 



where E are the individual errors calculated using equations {4 1)~(4 3) or similar met- 
rics, In some cases, calibration wich regard to one variable may be more important than 
the tiE for rise other ones. For example, when we have the best data model for a certain 
variable bur very approximate information about the others, we would want to make 
sure [har we calibrate more to the reliable informations while the importance of other 
data sets may be secondary In this case, we may wane to introduce certain weights into 
the formula so that particular variables gee mote attention in the comparison: 



where w$ are the weights associated with k different variables, 



The error model is rhen affected most ot all by the variable char has the higher 
weight. This means it is more efficient to get rhe error down lor that variable as far as 
possible, since the total eiror then gets reduced the most 

Ler us consider an example. Suppose that we have Ween running an experiment in 
rhe lab measuring rhe growth of a batch of microorganisms over a period of 100 hours, 
taking a sample every ) hours. We then use d spreadsheet program to store the results 
and to present them in a graphic format (Figure 4 l)> Also suppose that we are measur- 
ing ti certain limiting factor - say, temperature, or substrate availability - tbat describes 
how suitable the lab environment is for the growth of the organisms that we are observ- 
ing (Figure A 2). We are normalizing this measured value to bring it within a range oi 
[0,1] - This can be done if we divide all the dara by the maximum observed value. 

Let us build a model of the system. Suppose we are not interested in the struc- 
ture of the system and want to build an empirical, ti hlttcaVbnx M model. 

Empirical model 

The output that we have consists of the data about the number of organisms. The 
input is time, and the information about the temperature in the environment One 
simple empirical model can be created immediately in a spreadsheei program. For 
example, m Excel it is called "adding a trend line to rhe graph/' 
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Figure 4.2 



Experimental model a 1 terrperaiure in ihe microbial system. 




In this case, the only input information that is used is time- The model is the 
equation of the line, which is a polynomial of order 2: 

y = -0.0978* 2 + 14,5:54* --<3 1,4 43 

As we can see in Figure 4 3, the trend line does a pretty good job of representing 
the model results, though there is obviously a difference between the model output 
and the data points available. Note that Excel labels the independent variable x, while 
in our case it should rather be t for time By adjusting some of the parameters in the 
model, we may make the model output closer to or further a way from the data points 
measured in the experiment Actually, this is exactly how Excel came up with this 
equation. It took a general form of a second order polynomial and started to tweak the 
three coefficients We can see how this works if, instead of "Adding the trendline" in 
the Chart menu, we set up a general form of polynomial and use the "Solver" option 
in the "Tools 11 menu. We will then be able actually to see how the values of the three 
coefficients will be modified while Excel will be optimizing something to get the two 
curves to match as closely as possible. 

This process of tweaking the model parameters m an attempt to get a better 
representation of the data available is the calibration of the model. In our case, the 
coefficients of the polynomial are the unknown model parameters that have been 
varied in an attempt to get the polynomial trendline as close as possible to the data 
points. 
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y - - 1 E 08x* +■ IE - Q7x z + G D004* 4 - G0527X 3 + 2 2704** - 23 969x + 52.391 

fl* - 9775 




A fifth-order polynomial as a black-box model that uses time as input 



The R -squared value for the model described above is R 2 = 0.9232. Recall that 
this error model such that the fit is getting better as R 2 is approaching L. It we use 
another model, a sixth-order polynomial, we can improve the R* value and raise it 
to R 2 = D.9775 (Figure 4 4) In this case we will have to guess the best values tor 
seven parameters instead of three. Even though we get very high R 3 values from 
these models, they have the problem of generating negative output at certain times. 
This should be prohibited due to the nature of the modeled process - [he population 
numbers cannot be negative 

The simplest way to avoid this is to clamp the model with an "if* statement: 

| 0, if-0.097Sx 2 + 14-5541- SI. 443 < C 
5 [-0.097SV + 14.554* - 81,443, otherwise 

This would be then our empirical model, where the numeric coefficients are the cali- 
brated values. 

There are other statistical tools that are available in Excel (such as the Solver or the 
Goal Seek tools) or in other packages that may be further used for a refinement of our 
calibration- We may also try to bring in the other available data set - that is, tempera- 
ture - and run multiple regression for time and temperature to try to improve further our 
empirical model; however this will require more sophisticated statistical tools than Excel, 
■ in less we formulate our own equation and use the Solvei to minimize the erroi model 

In any case, what is important is that, when building these empirical models, we 
entirely rely on the information that we have in the data sets. We come up with some 
type of equation and then quite mechanically adjust the parameters in an attempt to 
reproduce the data as well as possible. All the information we know about the system is 
in the data. It may be somewhat risky to use the same model in different conditions - 
for example, when the temperature is consistently 5° lower. Temperature has not been 
included in this model at all, and clearly the results will be totally off if it changes. 

Process-based model 

Instead of further exploring the empirical model, let us try to huild a process based 
model for the microbial system that we are studying. We will draw on some of our 
understanding of population growth, consider some of the processes that may he 
involved, and describe them in the model. This brings up a whole different paradigm 
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of model ing, where, in addition co the information contained in the darn sets, we 
being in other infer matron available from similar studies conducted before on similar 
Systems, or fronl general ecological rheOry, or from ma>s -conservation laws, or simply 
from common sense 



For the microbial system that we are considering, just as for any other population, the proc- 
esses of growth and death are most likely paying an important rote. Perhaps we can try 
to describe the life of the whole population in terms of these two processes. The simplest 
model of population growth can be then presented by the following Stella equations: 

Population^? = Population!.! - dO + (Growth - Mortality) * dt 

I NIT 

Population « 10 
INFLOWS: 

Growth -- GrowthRate*Lim_factor* Population* (1 - Population/C_Capacrty) 
OUTFLOWS 

Mortality = MonalityRate* Population 
C_Capacity - 500 
GeowthRate = 06 
MortalityRale = 15, 

We can also insert the values for the limiting temperature iactor as a graphic: 
Lim. factor = GRAPH(TIME} 

(0.00. 0.305J. (10.0, 0.47), (20.0, 6.35), (30,0, 815>. (40.0, 0.7! r [50,0, 0.505), (60,0. 0,745), 
(70,0. 0,93), (80.0, 86), (90.0, 0,71), (100, 0.00) 

By looking at the cata points we see that, after the initial period of rapid growth, the 
population size seems to saturate at a certain level As we have seen above, there is a simple 
way to control growth m the model by introducing the Carrying Capacity, which represents 
the maximum number ol organisms that can survive in the lab environment With the param- 
eters listed above, the model produces the following dynamics: 

1: DATA 2; Population 




Hours 
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Curve til on the graph represents the experiments' values that we lave been observ- 
ing, while curve (21 s$ the simulated behavior Here, too, we see that there is s certain 
error or distance between the two models The size of this error depends on the parame- 
ter values used m the model. Let us run sensitivity analysis for the three parameters m this 
model 





These graphics show how the model reacts to changes in Growth Rate (from 0.3 to 
0.8), C_Capacity (from 300 to 700) and MortalityRate (from 0.1 to 0.3) We may notice that 
changes in growth rate and mortalily have a r ather similar effect, mostly altering how the pop- 
ulation changes during the initial growth period As might be expected, the carrying capacity 
value defines where the population saturates later on We may already start to make some 
mean ngful changes to the parame*ers. trying to make the output closer to the data. 
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To keep track of ou r gams and losses, we can put together an error model. Described in 
terms of Stella equations, tne error model might be as follows 

Errant! = Errorlt-cJT) + iErJn) " dt 

I NIT Error - 

INFLOWS: 

Erjn - Population - DATA) ^ 2/ DATA A 2 

This formula reproduces the metrics described above as the sum of squares E in (4 1], 
Notice that at each time-step we add another error term, which makes it equivalent to the 
summation that we see in (41). Keeping in mind the results of sensitivity analysis, we can 
now start to tweak some of tne model parameter arid sew how this changes [he oistance 
between the data and peculation that is also measured by the error variable. Most likely 
the Growthflate will need to go down a little to make the population grow slower, bur the 
C_Capacity snouid probably go up to make it saturate at a higher level. That should bring the 
model output somewhai closer to the Data. Tiis is an iterative tnal-and-error process that 
may or may not get us lo tne per fee 1 ; match 



You may have noticed that there is a difference in raihbmnng empirical and 
process- based models. In empirical models, wc rely entirely on the information ihat 
we have in rhe dam sets. We come up with some rype of equation, and then quite 
mechanically adjust the parameters in an attempt to reproduce the JatA as well 
a* possible. All the information we km>w about die system is in the data, arid the 
paramerL'tii usually can rake any values as long as the error model is minimal. 

In process- based models calibration is different, since we me restricted by the 
ecological, physical or chemical meaning nf the paramerers that we change Besides, 
there are usually some estimates for the size of the parameters; they are rarely pre- 
cisely measured, but at least the nrder of magnitude or a range is usually known, 
Moreover, there are or her factors that may play a role, such as confidence in che 



124 



Systems Science and Modeling for Ecological Economics 



available estimates for the parameter, sensitivity of the model to a parameter, etc. 
These are important considerations in the calibration process. 

At the bottom of any calibration we have an optimization problem. We will 
learn more about optimization in Chapter 8, but here we just want to note that 
optimization in this case is about seeking a minimum for the error model. We have 
certain parameters for which values are known and others that are only estimated 
within a certain domain of change. We call the latter ones "free" parameters, These 
are the ones to change in the model in order to minimize the size of the error. To per- 
form optimization, we first formulate a goal function (also called an objective function) . 
Then we try to make this function as little (or as large) as we can by changing differ- 
ent parameters that are involved. In case of calibration, the goal function is the error 
model E - f(P f C, R), described as a function of the parameter vector P, the vector 
of initial conditions C and the vector of restrictions R. So we search for a minimum: 

min £ 

over the space of the free parameters P and initial conditions C, making sure that 
the restrictions R (such as a requirement that all state variables are positive) hold. 
It is rare that there is a real system model that will allow chis task to he solved ana- 
lytically. It is usually a numerical procedure that requires the employment of certain 
fairly complicated software. 

There are different ways to solve this problem. One approach is to do it man- 
ually, as we did above with the so-called trial-and-error method or educated-guess 
approach- The model is run, then a parameter is changed, then the model is rerun, 
the output is compared, the same or another parameter is changed, and so on. It 
may seem quite tiresome and bonng. but actually this process is extremely useful in 
understanding how the system works. By playing with the parameters we learn bow 
they affect output (as in the sensitivity analysis stage), but we also understand the 
synergetic effects that parameters may have. In some cases we get quite unexpected 
behavior, and it takes some thought and analysis to explain how and why the spe- 
cific change in parameters had this effect. If no reasonable explanation can be found, 
chances are there is a bug in the model. A closer look at the equations may solve the 
problem: something may have been missed, or entered with a wrong sign, or some 
effect may not have been accounted for. 

In addition to the educated-guess approach, there are also formal mathematical 
methods that are available for calibration. They are based on numerical algorithms 
that solve the optimization problem. 

Some modeling systems have the functionality to solve the optimization problem 
and do the curve fitting for models. One such package is Madonna. One big advan- 
tage of Madonna is that it can also take Steila equations almost as is and run them 
within its own shell. Madonna also has a nice graphic user interface of its own - 
so it is as well for us to start putting the model together directly in Madonna, if we 
expect some optimization to be needed. 



To do the parameter calibration for our Stella model in Madonna we will have to: 

♦ Go to the Stella equations 

♦ Save them as a text file (File -> Save As Text) 

♦ Open the file from Madonna, using the Open command in the File menu 
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• (Alternatively you can "choose all" and "copy'' the equations from Stella, and then "paste'' 
them directly into an Equations window in Madonna; however, in ihis case you will have to 
remove all the " INFLOW: " and ''OUTFLOW':" statements in the equations by hand J 

• Define the control specs such as the STARTT1ME, STQPTIME. and DT 

The model is now ready to run in Madonna. 

Running the same population model built now in Madonna., we get the following output, 
which is - not surprisingly - identical to the Stella output: 




As we start running the model, the first thing we notice js that Madonna runs much 
faster than Stella. That is because in contrast to Stella, which interprets the equations on the 
fly, Madonna has a built-in compiler that first compiles our model and only then runs it On 
some models, the difference is quile significant up to orders of magnitude. This is especially 
essential for optimization, since all optimization algorithms require numerous model runs to 
be performed. 

The next thing we need to do to calibrate our model is input the data into Madonna. This 
is done as pari of the optimization dialogue, which m this case is called Curve Fitting In the 
"Parameters" menu, we choose '''Curve Fit...." A dialogue box wii open: 
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Here, we need to specify four items 

1. Choose the free parameters that can be changed for model calibration 

2, For each parameter, identify the maximal and minimal allowed values, and two "guesses" - 
values in the domain of change that will be used to initialize the optimization process 

3. Choose the state variable that we are calibrating - "Population" in this case 

4, The data set to which we wish to calibrate the model - "#calibdata" in this case The data 
set should be in a file, one value on a row which can be generated, say, from Excel if the 
data are saved as Text On clicking the "Import Data set. ." button, we will be given the 
opportunity to choose the file with the data. 

Now, if we press the "OK" button, some number crunching wilt begin; after 144 model runs 
we will get a new set of parameters that provides a much closer fit between the data and 
the simulation model. 

The new values for the model parameters are: 

C_Capacity = 5773, GrowthRate - 0,42061, MortalityRate = 0.0760512 



The calibration problem may not have a unique solution. There may be sev- 
eral parameter vectors P that produce almost similar output or deliver the same or 
almost the same minima to the optimization task. In that case, it may be unclear 
what parameters to choose for the model. Other considerations and restric- 
tions may be used to make the decision. For instance, with C_Capacity = 600, 
GrowthRate = 0.5, MortalityRate = 0.1, we get a fit almost as good as that achieved 
with Madonna, Which of the two parameter sets should we choose for the model? 
Normally this decision is made based on the other information about the system that 
is available. For example, there may be some experimental data that would either 
identify a value for one of the rate coefficients, or at least put a range on them. Then 
we can see which of the calibrated values is in better agreement with these restric- 
tions. In some cases this information may not be available- and there may be some 
uncertainty about the system. This can further drive our experiments with the sys- 
tem, or tell us more about the system behavior. 

Suppose we have done our best when finding the values for all the parameters in 
the simulation model and yet still the error is inappropriately large This means that 
something is wrong in one of the models that we are comparing. Either the concep- 
tual model needs to be revised (the structure changed or the equations modified), or 
the chosen scales were incorrect and we need to reconsider the spatial or temporal 
resolution. Alternatively, the data are wrong - which happens quite often, and can 
never be dib misled as a possibility. 

To conclude, there are different ways to describe systems by means of models. 
There are different models that may be built. The process of adjustment of one model to 
match the output from another model is called calibration. This is probably the most gen- 
eral definition. In most cases we would speak of calibration as the process of fitting 
the model output to the available data points, or "curve fitting. " In this case, it is the 
data model that is used to calibrate the mathematical model. 

Note that there is hardly any reason always to give preference to the data model. 
The uncertainty in the data model may be as high as the uncertainty in the simulation 
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The solution is to approximate the parameter values based on the daca we have 
abouc che dynamics of state variables, or flows. That is the model calibration procedure. 
We are solving an inverse problem: finding the parameters based on the dynamics of 
the unknowns. This would be fine if we could really solve that problem and find che 
exact values for the parameters. However, in most cases this is also impossible and, 
instead, we are finding approximate solutions that come from model fitting. But chen 
how is this different from the fitting we do when we deal with empirical models? In 
that case, we also have a curve equation with unknown coefficients, which we deter- 
mine empincally by finding the best combination of parameters that make the model 
output as close as possible to the data. 

The only difference is that instead ot some kind of generic equation in the empir- 
ical models (say, a polynomial of some form), in process- based models we have par- 
ticular equations that have some ecological meaning. These equations display certain 
behavior by themselves, no matter what parameters are inserted- A polynomial can 
generate pretty much arbitrary dynamics as long as the right coefficients are chosen. 
However, an equation of exponential growth will always produce an exponent, and, 
say, a classic predator-prey system (considered in the next chapter) will always pro- 
duce oscillations, no matter what coefficients we insert. Ot course, for some param- 
eters they may crash even before generating any meaningful output, but otherwise the 
dynamics will be determined by the type of equations used, at least for a large enough 
range, of coefficients. So we may conclude that, to a large extent, we are building a 
good model as long as we chose the right dynamic equations to describe our system. 

On top of the basic dynamic equations we overlay the many other descriptions 
for the processes that need to be included in the model. These may be the limiting 
factors, describing the modifying effect of temperature, lighc or other external condi- 
tions. There may be some other details that we wish to add to the system. However, 
if these processes are not studied experimentally, and if the related coefficients are 
not measured, their role in the model is no different from that of the coefficients that 
we have in an empirical model. In both cases we figure out their values based on a 
time-series of model output; in both cases the values are approximate and uncertain. 
They are only as good as they are the best ones found; we can never be sure that a 
better parameter set does not exist. 

So the bottom line is that there is a good deal of empiricism in most process- 
based models, and the more parameters we have estimated in the calibration process, 
the more empiricism is involved, the less applicable the model will be in situations 
outside the existing data range. How can we make sure that we have really captured 
the essence of the system dynamics, and can reproduce the system behavior beyond 
the domain that we have already studied? 

To answer these questions, che model needs to undergo a process of vigorous test- 
ing. There is not (and probably never will be) a definite procedure for model testing 
and comparisons. The obvious reason is that models are built for various purposes; 
their goals may be very different. Moreover, these goals may easily change when the 
project is already underway. There is no reason why goal-setting should be left out 
of the iterative modeling process. As we start generating new knowledge and under- 
standing with a model, its goals may very well change. We may start asking new ques- 
tions and need to modify the model even before it has been brought to perfection. 

Besides, ecological and socio-economic systems are open, which makes their mod- 
cling like shooting at a moving target. While we are studying the system and building 
a model of it, it is already evolving. It evolves even more when we start administer- 
ing control, when we try to manage the ecosystem. As a result, models can very well 
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Another important step in model analysis is verification. A model Is verified 
when it is scrupulously checked for all sort of internal inconsistencies, errors and 
bugs These am be in the equations chose n h in the units used, or in links and con 
nections There may simply be programming buys in the code that is used to solve 
rhe model on the computer, or there may be conceptual errors, when wrong data sets 
are used to drive the model. Once again, there is hardly a prescribed method to weed 
these out J usi check and recheck. Run the model and rerun it. Test it and test again : 
There is no agreed procedure for model verification, especially when models become 
complex and difficult to parameterize and analyze. We just keep studying its behavior 
under all sorts of conditions. 

One efficient method of model testing is to run the model with extreme values 
of forcing functions and parameters. There are always certain ranges where the fore- 
ing functions can vary. Suppose we are talking about temperature. We make the tem- 
perature as high as it possibly can be in a particular system, or as low as it can be, and 
see what happens to the model. Will it still perform reasonably well? Will the output 
stay within certain plausible values, or will the model crash? If so, we need to try to 
figure out why. Is it something that can be explained 7 If so, then probably the model 
can he still salvaged and we may simply need to remember that the forcing function 
should stay within certain allowed limits If the behavior cannot be explained, we 
need to keep digging - most likely, there is something wrong. 

Just as when we are testing a new car, the best way to find out how it performs 
is to force it. Step on the pedal, and let it run as fast as it can. See if something 
goes wrong, and where it might fail The beauty of testing the model is that it is not 
wrecked when it goes wrong! If we force the car too hard, we will ruin it. With the 
model, we can do whatever we want to it - change all the parameters as much as we 
wish, If the computer does not overheat, we can always go back to previous param- 
eter values, and the model will run again like new. However, we will collect some 
valuable information about what to expect from it, where the bugs and the features 
are, what we can let users do to it, and where we should add some limits to make sure 
they do not have surprises that we cannot explain. 

Another important check is based on first principles, such as mass and energy 
conservation. It is important to make sore that there is a in ass balance in the rnodeb 
so that nothing gets created from nothing and nothing is lost 

Running scenarios is another great way to test a niodek This step may already be 
considered as model use rather than just testing. A scenario in this context is a story 
about what can happen to the system. To define a scenario, we need to formulate 
all the forcing functions (say, patterns of climate, or pollution loading, or land use 
patterns) and all the control parameters {say, management rules, or external global 
variables). In a way, we are modeling what the external forcings are to which the sys- 
tem will be reacting. For example, if we are considering a model of landuse change 
for an urban area, we can formulate a so-called "business as usual 13 scenario that will 
assume that all the existEng development trends continue into the future: the popu- 
lation, the economy, the investments, etc. will continue to grow at the same rate, 
there will be no additional controls or limits introduced, or climatic perturbations, 
etc- These we feed into the landuse model and run it to generate patterns of landuse 
under this scenario. 

We may then figure out a different scenario - perhaps a sustainable develop- 
ment plan. We will need to formulate this in terms of the model, This means that 
we translate the sustainable development plan into the parameter values and forcing 
functions that will most closely describe that In a way, we model what we think will 
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be a sustainable future. In our case we may assume that there is a control over popu- 
lation growth, so that certain birth-race reductions are introduced. Furthermore, we 
will tie economic growth co the natural resources that are available in the area, and 
make the growth race slow down as natural capital gees depleted We can also include 
some rules for investments chat would stimulate the green economy. As a result, we 
will get a different set of parameters that control the model, and the model run will 
now produce some different pattern of landuse as a result of this scenario. 

Yet another scenario can be put together for devastating climatic conditions - say, 
a storm that will flood the area and destroy property and population. We will need to 
formulate some climatic conditions describing this storm. Once again, we are model- 
ing certain conditions ot forcings for the system. Note that scenarios are also models, 
coherent and feasible models of external conditions that will then drive the model of 
the system that we are studying. 

Note that scenario runs are also powerful tools of model testing. In this case, we 
are likely 10 explore the unknown domains of model parameter values. We do not 
have the data about the model behavior that we might expect, but we do want the 
model to produce something qualitatively reasonable. If that does not happen, we 
may question the model validity and have some clues where to look for errors. For 
example, if a model of sustainable growth results in patterns of further urban sprawl, 
this would be a warning indicacing that something is not working right in the model. 
We should take a closer look at the formalism we used, or perhaps at the parameter 
values that we calibrated. 

The bottom line regarding all this testing is that there is no perfect model. It 
is hardly possible to get a perfect calibration, and the validation results will likely 
be even worse. No matter how long you spend debugging the model and the code, 
there will always be another hug, anocher imperfection. Does this mean chat this is 
all futile? By no means! As long as we reach new understanding of the system, as 
long as the model helps to communicate understanding to others and to manage and 
control the system, we are on che right path and our efforts will be fruitful. Any model 
that is useful is a good model. 



4.4 Conclusions 

One obvious conclusion from all the above is that putting the model cogecher is not 
just abouc escablishing variables and connections and writing the. equations for them. 
We also need to do a lot of number crunching, running che model many cimes. If the 
model is complex and requires a great deal of compucer power to run ic, we will be 
limiced in the extent of testing and improving that can be done with the model. We 
will have to be prepared to do che job on our slow desk cop (and spend more rime), 
or we will need to find a more powerful super-computer (and spend more $$), or we 
will have to limit ourselves in the amount of testing and calibrating that we can do 
(and get a poorer model and less well -understood syscem). Yec anocher option is to 
go back to the model design ^tage and try to simplify the model. 

There is a potential Catch-22 in this process. On the one hand, che more infor- 
mation about the system we can use in our model, the more processes we can include 
and the more detail about these processes we can formalize, che beccer our model 
should be and the more it should be able to cell us abouc the real syscem. On the 
other hand, the more complexity there is built into the model, the longer it will take 
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the decision to be made. This is probably a good way to frame it. Here, we include 
borh the model goal and the model users in the evaluation process. Indeed, there is 
no use talking about some overall universal model validity; die model is valid only 
with respect to the goals that it is pursuing, and only the risers of the model can 
define whether it suits their needs or not. 

There is a good deal of concern about the uncertainties that are inherent in 
almost any modeling effort Pretty much any stage of the modeling process is full of 
uncertainties. We start from the yoals of the study and i in mediately we realize that 
there are different expectations that various users may have for a model. The goals are 
communicated in some linguistic form, in words, and this in itself is a model of a col- 
lection of thoughts or ideas about what we want. Such models already may be fuzzy, 
and may change as the mind, knowledge and ideas of people evolve. Especially when 
we are dealing with socio-economic processes that include people, their opinions, and 
priorities, we immediately enter a realm of hu^e uncertainty and much guesswork. 

Very much like in quantum physics, where the mere occurrence of the ex peri- 
ment influences its results, m it is in social work, where, lor example, by polling petv 
pie and asking them a question we immediately bias the outcome by how we ask 
the question and by the simple fact of the question, which already can make peo- 
ple think differently from how they might have done without being exposed to the 
question. 

"How do you value that forest?" Well, chances are the respondents never 
even noticed the forest and could not care less about us existence. However, now 
that they are asked about it, they may start thinking "So why would they ask me ? 
Actually yes, there is that forest. And 1 rememher going there as n kid. Once. And it 
was pretty cool- And how am I going to look if 1 say that J don't care about this for- 
est? No, probably 1 should say that I value it at least somewhat. And maybe actually 
there is value in it, or why would they ask otherwise 7 " We see that the response is 
already different from what is was supposed to be at fust The person quickly built a 
mental model, analysed it and produced an answer, which in fact is still full of uncer- 
tamties, especially since we will never know what the teal chain of thought was and 
what intermediate evolution the person's mind had gone through. 

It does not get any better as we step up to the next stages of model building. 
As we have already st*en, we hypothesize all sorts of things about a system when we 
model it. Besides, we need to simplify it, introducing even more uncertainties. And 
then of course there is all of the calibration process, when looking at the sensitivity 
test should be enough to realize that different parameters can result in a dramatically 
different model output. A model that does not have much sensitivity to its param- 
eters, that is quite robust, will be adding less to the overall uncertainty than will a 
model that is very sensitive to certain parameters. Sensitive parameters then need to 
be measured with especially high accuracy, which may not be possible in some cases. 
Obviously, as models become moie complex, overall uncertainty also grows very fast. 
In some cases, greater complexity can make the model more robust to variations 
in parameters; however, this normally comes at the expense of overall model con- 
trollability, when the complex model starts to operate as an entity in itself s and we 
approach the Bonnini paradox situation - that is, we replace the real-life complex 
system by another complex system - the model- 

Still, we will model. There is simply no other better way to perform analysis and 
to produce synthesis. We have to rind a way to simplify a complex system if we want 
to understand it. As long as we are ready to go back, to try again, to reiterate and 
test, test, test, we will eventually end up with a useful product And if it is tisehil, it 
means that the model we have built is a good one. 
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SUMMARY 

Nnn -linear systems are those that can generate the most unusual and hard to predict 
behavior, A system of two species where one eats the other is a classic example of 
^uch non linear interact loos. The predator-prey model has been well studied analyt- 
ically and numerically, and produces some very exciting dynamics This simple two- 
variable model can be further generalized to explore systems of many species that are 
linked into trophic chains. Fun her complexity is added when these populations are 
considered spatially as so-called me ta populations, 

Keywords 
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carrying capacity, Monod function, Kolmogorov theorem, periwinkle snail, even 
and odd trophic levels. Yellowstone wolves, Stella arrays, Simile, Spatial Modeling 
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^? * * 

Two-.state-v aria hie systems have been honored with the most attention from math- 
ematical modelers. This may be readily explained bv the dramatically increasing com- 
plexity of mathematical ana Lysis as the number of variables grows As seen previously, 
it is only the simplest models that can be treated analytically. On the other hand, two 
state variables produce much more interesting dynamics than one variable, especially 
if there is some non- linearity included. Mathematically, such systems are more chal- 
lenging and certainly moie rewarding All sorts or exciting mathematical results have 
come from analysis of these systems. In addition to advancing mathematics, analy- 
sis of these simplest two-state -variable systems has provided a wealth o! results thai 
may have important ecological implications and are certainly interesting in the art of 
modeling even Ln more general and complicated cases. 

One of the first and also best-studied communities is the so-called "predator- 
prey" system, where organisms of one population serve as food for those of the other. 
Vuo Volterra studied fish populations, and in 1926 formulated a model that turned 
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Out to be very insightful regarding the understanding of population dynamics. Alfred 
Lotka proposed the same model in 1925, so the model is sometimes known as the 
Lotksa-Volrerra model, or jusr the Volterra model, since it was he who did most of 
the mathematical analysis. 



5.1 Classic predator-prey model 

Suppose we are considering a predator-prey system, where rabbits are the preys and 
wolves are the predators. The conceptual model for this system can be presented by 
the simple diagram in Figure 5. 1 

In this case we are not concerned with the effects of the environment upon the 
community, and focus only on the interactions between the two species. Let x(f) be 
the number of rabbits and y(t) be the number of wolves at time t. Suppose that the 
prey population is limited only by the predator and, in the absence of wolves, rubbits 
multiply exponentially. Thss can be described by the equation: 



dx 
dt 



(5.1) 



When the wolves are brought into play, they start to consume rabbits at a rate of 
V = V( x) , where V(x) is the number of rabbits char each wolf can find and eat over 
a unit time. Naturally this amount depends on the number of rabbits available, x s 
because when there are just a few rabbits it will be harder for the wolves to find them 
than when the prey are everywhere. The form of the function for V(x) may be differ- 
ent, but we may safely assume that it is monotone and increasing. Then the equation 
for rabbits will be 

^ = «- V(x)y (5.2) 
di 

The growth of the wolf population is determined hy the success uf the wolves' 
hunting activities. It makes sense to assume that only a certain pan of" the biomass 
(energy) consumed is assimilated, while snme part ol it is lost. To account lor that, 
we describe the growth of the wolf population as kV{x)y, where < k < 1 is the effi- 
ciency coefficient. The wolf population declines due to natural mortality, with m being 
the mortality rate. As a result, we get a system of two ordinary differential equations 
(ODE) to describe the wolf-rabbit community: 

ax - V(x)> 

(5-3) 

/tV(x);. - tQ 



■ll 

dy 
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Figure 5.1 



A simple conceptual model for a predator-prey system; wolves eat rabbits. 
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In the absence of rabbits, the wolf population exponentially decreases. V(x) is 
called rhe trophic function, and it describes the rare ui predarion as a function of 
the prey abundance. The form of the trophic function is species-specific, and may 
also depend upon environmental conditions. Usually it grows steadily when the prey 
population is sparse, hut then tends to saturation when the prey becomes abundant. 
Ho Hi rig has identified three mam types of trophic functions, as shown in Figure 5-2, 

The first two types of the trophic functions (A, B) are essentially the same, 
except that m case B the function has a well pronounced saturation threshold. The 
third type of trophic function behaves differently for small values of prey densities, (t 
tend? to zero with a zero derivative, which means that near zero tht? trophic function 
decreases faster than the prey density. This behavior is found in populations that can 
learn and hnd refuge from the predator. For such populations there is a better chance 
to persist, because the predator cannot drive the prey to total extinction, 

Volterra considered rhe simplest case, when the trophic function is linear. This 
corresponds to function B below the saturation threshold. The wolves are assumed to 
he always hungry, never allowing the rabbits to reach saturation densities. Then we can 
think chat the trophic function is linear: V = fix. The classical Volterra predator-prey 
model is then formulated as: 

ax - fix 

(5.4) 

kfixy - fiy 

It am easily be seen that this system has two equilibria. The fust is the so -called 
trivial one, which is when both the wolves and the rabbits are driven to extinction, 
r = 4 v - 0, There is also a non- trivial equilibrium when x* — fi/kfi, y* — xffi. 
Obviously, if the community is at an equilibrium state, it stays there. However, the 
chances that the initial conditions will exactly hit the non-trivial equilibrium are null. 
Therefore, it is important to find our whether the equilibria are stable or not. For a 
simple model like this, some qualitative study of the phase plane may precede further 
analytical or numerical analysis of rhe model. In fact, we may note that when there 
are more rabbits than at equilibrium (x > the population of wolves decreases 
{dyfdt < 0). The opposite is true when x < x*. Similarly, when there are more wolves 
than at equilibrium (y > y*}, the population ol rabbits declines (dx/di < 0); it grows 



dt 
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when y < y*. Wc may therefore break the phase plane? inco four areas and in each of 
them show the direction of the trajectory of the model solution (Figure 5*3). 

This qualitative analysis already shaws that there appears to lie some cyclic move- 
ment atound rhe equilibrium point The trajectories are likely to wind around this 
point. There is still a chance that the point is stable, In which case we start circling 
around the equilibrium, gradually moving back into the center. However, this qualita- 
tive analysis only indicates that the model trajectories will loop around the non- trivia I 
equilibrium, but it is not clear whether these loops form a spiral converging towards the 
equilibrium {point stable) or whether the spiral will be heading away from the center 
(point unstable). In any case, we may expect oscillations in populations of rabbit and 
wolf. Ler us see what a simple Stella model can tell us about the dynamics m the preda- 
tor-prey system (Figure 5.4) 

You can either put together a model yourself for further analysis, or download it 
from the book website, The phase portrait very well matches our expectations. We do 
get the loop that behaves exactly as our qualitative analysis predicted. As expected, 
the model produces cyclic behavior, where an explosion in che rabbit population 
is followed by a peak in the wolf population. The rabbits are then wiped out, after 
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Figure 5.3 



Trie direction of change on the phase plane for the Volterra model 
In I, both x and y decline; in II, jc declines as y grows, in III, x grows and y falls, in IV, both x and ygrow, 




Figure 5.4 



The Stella diagram for the predator-prey model. 
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which the wolves die from starvation) almost to extinction When there are very few 
wolves left, rhe rabbi cs scare to multiply again and the pattern recurs (Figure 5 5) If 
we run the model with the EuleT method, we see that there is no trend towards the 
equilibrium m the center, and the amplitude of the oscillations gradually increases 
until the system crashes. However, if we switch to the Runge-Kutta fourth-order 
method, we find that actually we get a closed loop in the phase plain Populations 
of both wolf and rabbit follow the same identical trajectory, going through the same 
pattern of oscillations (Figure 5 6). There is no convergence towards the equilibrium 
m the center, and neither is there a run-away from it, which we erroneously sus- 
pected at first when running the model with the Euler method. 

However, unless we hnd an analytical solution we cannot be really sure that this 
will be the kind of behavior that we get under all conditions and combinations of 
parameters. Luckily, in che time of Vito Vol terra there were no computers and he 
studied the model quite rigorously, analytically proving that the model trajectories 
always loop around the equilibrium point. 

It may be noted that the initial conditions turn out to be very important for the 
overall amplitude of the cycle. Note that if all the parameters stay the same hut the 
initial conditions are modified the system still produces a cycle, although its form 
may change quite dramatically This is a somewhat unexpected result, showing chat 
the current state of che system depends very much upon the state of the system a 
considerable length of time ago, when the initial conditions were established to start 
up the process. 

The changes in the parameter values also do not change the overall form of che 
trajectories, which are still looping around the non-trivial equilibria. However, they 
do move the loops on the phase plane (Figure 57). 

Stella is unlikely to get the loops using any other method of integration than 
fourth -order Runge-Kutta. The Euler method quickly results in increasing oscillations 
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B^'L'.lfc-fcflJ The Volterra model solved with the Euler method 
The trajectory unwinds further away from the equilibrium in the center until the system crashes. 
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The dynamics of prey and predator in the Volterra model as solved by trie Runge-Kutta 
fourth-order method. 

A Graphs for the Wolves and Rabbits B Phase portrait for the Volterra model. 



that eventually explode the system. Second-order Runge-Kurra persists for longer, 
but eventually also tends to fall apart. This is another illustration of the importance 
of c areful choice of the time-step and Timorous analysis of the influence of the time^ 
step upon the simulation results, If there were no analytical solution available for the 
Volterra model and we had been running ir with the Euler method in Stella, we would 
have been getting qualitatively different results, and would not even be suspecting that 
die true dynamics of the system are totally different. 

The major result that comes from the Volterra model is that population cycles 
often registered in field studies may be explained by some internal dynamic features 
of the system. They do not necessarily siem from some environmental forcings, such 
as the seasonal variations in climatic factors. Cycles may occur simply as a result of 
interaction between the two species. 
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5.2 Modifications of the classic model 
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Figure 5.8 



Dynamics of Rabbits and Wolves with carry? r ig capacity introduced for Rabbits. 
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Figure 5.9 



conditions. 



Phase portrait for the Volterra model with prey saturation run with different initial 



the system dynamics does not depend upon the initial conditions The coexistence 
state appears to lie stable, and the oscillatory behavior is Only iranMeni (Figure 5.9). 

As might be expected, the model also becomes more robust with respect to the 
numerical methcxi for its solution. We Can safely run the model with Euler merhnd 
and much larger time-steps, yet still arrive at the Mine steady state (Figure 5.10). 

Lei us consider some further adjustments for the Vu I terra model As tinted 
above, another simplification in the model, that was hardly realistic, was the assump- 
tion regarding the linear trophic function. The wolves remained equally hungry, no 
matter how many rnhhirs rhey had already en fen Tfm seems unlikely. Let us now 
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choose a Ho I ling type II functional response, assuming a Monud trophic function, to 
describe how wolves eat rabbits; 



Here, /? is the maximal growth rate and K is the half-saturation coefficient. The 
function makes sure that the process (predation, in ch is case) occurs with saturation 
at f) t and it reaches /?/2 when the prey population is equal CO K (this explains the 
"half 1 in the name) The function is identical to the Michael b-Menten function 
that we encountered above: for some reason in population dynamics it is known as 
rhe Monod function, while in chemical kinetics it is known as Michaelis-Mentem 

The dynamics in this model are somewhat similar to those in the classic model. 
We get non-damping oscillations for the variable, or a cycle in the phase plane. 
However, there is a major difference: now, different t.ilj.t.iyl conditions result in rhe 
same limit cycle. No matter where we start, we end up looping along the same trail 
in the phase plane. This is called a limit cycle, and it is> stable (Figure 5.1 1). There are 
mathematical methods to prove that the cycle in this case is indeed stable; however, 
this is a bit too complex to describe here. 

As in the previous case, when prey growth was stabilized by carrying capacity, 
here again the model can be solved by the Euler method as well as by Runge-Kmta. 
Whenever you have a "stable" situation that atnacrs rhe trajectories, Euler works 
too. The cycle it generates will be slightly different from th;iL which the Runge- 
Kutta method derives, bur qualitatively the behavior of the system will be identical. 

* * * 

Kolmogorov (1956) considered a very general system that covers all the cases 
studied above. He analyzed a system of two ordinary differential equations: 

dx * t t , f > 

dt (5.6) 
dv 

f = K(x)y 
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1-2: Rabbits v. Wolves 
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USBBkBU Phase portrait far the Volterra model with prey saturation and type-2 trophic function for 
predation. Note that different initial conditions result in the same hrmt cycle. 



We can sec that Vol terra's system is a special case of this system; however, there 
are many other systems, that can he also described by these equations - the Vultena 
system is just one of them. The functions &(x), V(x) and K[x) can be any, although 
as long as we are describing population dynamics they have to comply wirh certain 
obvious restrictions: 

L dMx < 0; a{0) > > - this is to say that the prey birth rate is decreasing 

as the prey population grows (the derivative of Over x is less than 0), going from 
positive to negative values. This is something we were getting with the carrying 
capacity function in (5.5), which is quite a natural assumption for populations 
with nmaspecific competition and a hunted resource. With this assumption,, even 
with no predator to control it the prey population grows, but it is then stabilized 
at a certain value given by the equation 0£(x°) = (1 

2. dKjdx > 0; K(0) < < K( ro ) - this is to make sure that the predator birch rate 
increases with the prey population. It stairs with, a negative value, when there is 
no food available, and then increases to positive values 

3. V{x) > for x > 0; and V{0) =0 - this is co make sure that the trophic function 
is positive for all positive values of the prey population. It also equals zero when 
there are no prey. 

Under these condition;, system {5.6) has either two or three positive equilibria; 

1 . The trivial equilibria x = 0; y - 

2. x - x° {where x° is the solution tn a(x) = 0; y = 

3. Point (x* r j*) T which is the solution to 



K(x*) = 
at ct{x*} > t that is when x* < x v 
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Figure 5.12 



A general diagram af a trophic chain of lenylh q and a Stella model that describes it 
Here, a species preying on another species is in turn prey to another predator N is the external resource 
flowing into the system. Tj are the biomasses or numbers of organisms in the trophic levels 
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differently. 



Dynamics of five trophic levels in a trophic chain. Odd and even trophic levels behave 
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thuse ones in the even levels. By further increasing the Inflow into the system we do 
not change the values m the even levels, whereas the odd levels gradually continue 
to increase then equilibrium biomasSi 

To cheek whether this is just a coincidence that might |$j away if parameter val- 
ues are modified, or whether u is something real regarding the system dynamics, we 
may take a look at the equations an J figure out the equilibria. In the most general 
form, the equations for the model ate; 

Tj = N-u,T,T : 

T 2 = U[T|T. - LhTiT^ 

T| = U i-I T , 1% ~ u , T i T i + ! 

The last equation yields an equilibrium at; 

l L-i 

u k _, 

which means that this equilibrium is independent of the flow of material into the 
system. 
Also: 



T 



which allows us to calculate b>ick, starting from T^t> all the equilibria for odd (even) 
trophic levels if k is even (odd). Note that all of them are constant and independ- 
ent of N. From the first equnrion, we have either T| = N/(u,T ; ), or T; = N/{u[T,). 
Therefore, if we know all the equilibria for odd trophic levels, we can calculate the 
value for T?, and then use T l4 j = u^T^/Up to calculate all the remaining equilibria 
Similarly, if k is odd and we know all the even equilibria, wc can calculate T t , and 
then build up the equilibrium values for all the remaining even trophic levels. 

What is important is that wc get every other trophic level constani nnd inde- 
pendent of the amount of llow into the system, whereas material accumulates only 
on the remaining trophic levels. We have an alternating pattern ol equilibria, where 
every other trophic level simply parses material through to the next trnphic level. The 
analytic treatment confirms some of 'he assumptions that we made from warching the 
dynamics of the system in Madonna. Moreover, it confirms that this is really the way 
the system behaves beyond the simulation period and parameter values chosen. 

The overall dynamics look quite similar to the second case discussed above, when 
we introduced carrying capacity for the prey population (equation 5,5). This might 
well be expectedj if we realize that at carrying capacity we have constant flow of 
external resources into the system, which is exactly the formulation wc are considering 
now: N - const So the fact that the system equilibrates and the equilihnum appears 
to be stable 15 quite consistent with what we observed in the simple two-species system 
What is somewhat surprising is the distinctly different behavior observed in the odd 
and even trophic, levels. 
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Figure 5.14 



A Stella model of a five-level trophic chain with mortality 



In the model above we assumed that natural mortal icy rs negligible compared 
with the predator uptake. Suppose this is not so. Let us consider a trophic chain, 
which has a certain fraction of biomass removed from each trophic level due to 
mortality (Figure 5 14), and see how the model dynamics ts influenced by changes in 
the amount of resources Nl provided to the system. 

The apparently subtle change in the model formulation results in quite substan- 
tial differences in the system dynamics. Once again, we can easily put the model 
together in Stella or, even better, m Madonna. If we look at how the system reacts 
co changes in the flow of the external resource N, we may see that now, for substan- 
tially high flow into the system, all The five trophic levels can coexist and equilibrate 
at certain values that appear to be stable. If we start to decrease the external flow 
N, the species equilibrate to lower and lower values, until the last, fifth, trophic 
level becomes extinct. The fourth level then follows and so on, until all species 
become extinct when there are no external sources of energy or material (N = 0} 
(Figure 5 15). 

This resvilt may have an interesting ecological interpretation. The more resources 
flow into a trophic chain, the longer the trophic chain that can be sustained. Not 
only do the eu.uihhnutn values increase; also, entirely new r rap hie levels spring up 
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Figure 5.15 



Dynamics of five trophic levels in a trophic chain with mortality. 
The length of the trophic chain is defined by the amount of resource flowing into the system. 



This kind of phenomenon has been observed in real life systems. In Agriculture it 
has been nor. iced char, when larger amounts of fercdiiers are applied new pests appear, 
which effectively emends the existing trophic chain, lidding a new level to it 

At this time, however, we sail can make qualir.ar.ive conclusions only about the 
system we have analyzed, and only lor the parameter values that we have used. With 
respect ro parameter values, the system seems to he quite robust- We may start modify- 
ing the coefficients in a fairly wide range (as long as they stay ecologically feasible - 
that is, positive and perhaps less than I for most of the rare coefficients, like mortality). 
The system behavior seems to be the same. However, if we want co consider a trophic 
chain with more species involved, we may need to put together another model and 
repeat the analysis. It is most likely that, qualitatively, the dynamics will be the same, 
but still we can never be 100 percent sure unless we perfoim some analytical treatment. 

A full analytical solution co this problem can be found m Svireshev and Logotet 
{1983}. Here, let us take a quick glance at what rhe equilibria can look like, and 
what makes species fall out of the system. The system of algehraic equations that 
defines the equilibria in this model is quite simple 



K - d[T, - UlTjT? = 



U|T| - u ? Ti - d 
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From rhr Li-: i\.i..i:ion, wi j immediate-, y 
_ + 

T 4 = — ~ const 

LI 4 

Playing with the odd and even numbers, as we did above, we can now calculate 
che other equilibria: 

_ + d ? 
1 2 

where we can substitute the value for from the above and see that T; = const- 
Knowing T 2 , we can calculate 

t, - N 

Koce that this rime the equilibrium is dependent on the external flow N So far, alt 
the equilibria have been positive at any tune. Based on the second equation, we can 
now calculate 

For this equilibrium we need to make sure th;it Tj > dj/\] i, otherwise the equilib- 
rium is negative and makes no ecological sense. This condition translates immediately 
into a requirement for N: the How of external resource has to be larger than a certain 
value. Similarly, forT$ to be notv negative we need T3 > d^/uj or h substituting for T- )s 

"A 

Tl -> — + — — — 

This explains why, with decreasing N, die equilibria for T h Tj and T 5 are getting 
smaller and smaller, and eventually the species ceases in exist as the equilibria become 
negative. However, this does not explain the fate of the other two trophic levels, J 2 
and T 4l which are supposedly constant and independent of N. So what is going on. 1 

Let us take a closer look ac the model dynamics in the animation above. Note 
that actually at first, when we start cutting the input of N, the equilibria for Tj and 
T 4 are indeed fixed and do not change, h is the other three equilibria that show 
a downward trend. It is only after T s hits zero that T> and T 4 start to change. But 
note: when T 5 becomes extinct, we no longer have the same five-level trophic chain. 
Instead we have only four trophic levels, and the equations that we are to solve now 
change. Now, for (our trophic levels, we haveT t and T 1 constant and independent of 
R whereas T : and T 4 are defined by N and decrease with N. Indeed, this is what we 
see in the animation. Now T, and T ? stay hxed unci! T 4 hits zero, when once again 
the system and the equations are redefined. Again the system has an odd number of 
levels, and now T ; becomes fixed while T } and T 1 start to fall. 

Now that we have figured out what goes on in the system, we can with far greater 
confidence describe the system behavior with an arbitrary number of trophic levels. 
There is strong evidence that the equilibria are stable, and we have understood how 
the odd and even trophic levels are alternating their behavior as the flow of resource 
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into the system changes. We also know that the parameters of the model define the 
intervals m the N continuum that correspond to the particular numbers of rrophic 
levels in the system. Let us look at how the system evolves in the other direction, 
when we start with N = Q, and then start increasing N Once N > 0, there is a 
resource that can support one species. As N increases, the population m this trophic 
level keeps growing until N passes a threshold, after winch another species in the next 
trophic level appears Ar rhis point the first trophic level stabilizes, and from now on 
all the resource is transmitted to the new trophic level, the population of which starts 
to grow. Next, after N passes anorher threshold, another, third trophic level appears, 
Now the second trophic level freezes, while the first and the third (odd) trophic lev- 
els start to grow. Then, ar some point, as N passes another threshold, a fourth (even) 
trophic level becomes established From now on, odd levels become frozen, and even 
levels start to grow bio mass. And so on. 



In both the trophic chains considered above, we had the input of external resource 
independent of the biomass in the first trophic level. We assumed that it was the 
resource that was always li mi ring growth, and there were as many organisms in that 
irophic level as were needed to uptake ail the resource that was made available- This 
is different from what we had in the classic model What will the trophic chain look 
like if the resource is not limiting? This may appear to be a fairly subtle change in 
the system; ho wever, the dynamics will be quite different. 

Let us put together h simplified version with only three trophic levels: 



T-(tJ = T,ll - dt) + IN - R,rdt 
INITT, = 1 
N = Uo'L 
R- = u,*TyT 2 

hit) = T 2 ll - dt! ■+ IR, - R 2 |*dt 
INITT 2 = 2 
r, - iWT 3 

T a (rj = T 3 |t - dt) - IR 2 - R 3 |*dt 
INITT 3 - 1 

R 3 = u^T a 
u Q = 1 
Ui = 0.1 
u 2 = 1 
u 3 - l 



Note that in this model N is not constant; instead, ir is 3 linear function of T,. 
Now the model looks exactly the same as the "classic" model bur with one additional 
trophic level. We can import theses equations mm Madonna, or quickly assemble 
the model in Stella or one of the other packages to do some preliminary quality 
rive analysis. With the model lH as is" we get the familiar oscillations (Figure 5.16). 
However, it we change the coefficients u, even slightly, we get a dramatically differ- 
ent picture: either the species become extinct, or they start to grow exponentially 
(Figure 5 All 





If or iii are even slightly increased, trophic levels Ty and grow exponent 
tiallv while T; keeps oscillating approaching a positive equilibrium. A similar trend 
15 produced when u, oi uj are decreased. If Ue or u? are even slightly decreased, 
trophic levels Tj and go extinct whde T? keeps oscillating approaching a positive 
equilibrium. A sumlar trend is produced when ti| or lij are increased. 

A quick analytical look at the equilibria gives us only a very general idea about 
the underpinnings of these trends, First, we hnd that there are two equations for 
equilibrium in the second trophic level: T 2 - u^u\. and Tj = uVu ; . Second, we see 
th;u for the equilibria in the first and third trophic levels we have ujT] = u{Ty The 
equilibrium in the second trophic level is therefore feasible only if uju^ " u^. 

These calculations explain some of the qualitative dynamics we observed above. 
If U|Uj - Ufii-, we get stable oscillations; if u t u^ > ul^u;, we have the downward 
trend that leads to species extinctions, Otherwise, we have oscillations following an 



Simple Model, Complex Behavior 159 



exponential growth trend. We could have been expecting this from what we saw in 
the model; however, it might have been h;ird to guess the exact relationship between 
the parameters that defines the course of the trajectories. We also see that there is a 
relationship between T[ and T^, which makes them behave in a similar way - some- 
thing we also observed from the model output- 

However, thts is probably ali we can say about the system, based on this prim- 
itive analysis. We do not know what makes Tj and T^ grow to infinity or vanish 
from the system, when the parameters are chosen in some specific way. Unlike the 
"classic" model, which produced the loop in the phase plane for any combination 
of parameters, now a locip is possible only for specific values. Moreover, it would be 
hard to imagine in real life an exact equality of the kind U[Ui — upU2- Therefore, we 
may conclude that a three- or more trophic lev^l system of the predator-prey type us 
unstable and unlikely to exist in reality. 

Wfuu will happen if, instead of three, we have four trophic levels 7 Will the results 
be the same? The answer is a definite NO. To our surprise, the system always persists, 
even though it goes through some dramatic oscillations which m many cases appear 
to resemble chaos. Once again, it is strongly recommended that you reproduce the 
model in one of the modeling packages. Below are the equations that you can simply 
paste into Madonna and enjoy the model performance yourself 



T,tt) = Ti(t-dt) + fN - 




INITT, = 1 




N = uO + T r 




R ( = l/VT, 




T 2 (t) = T a (t - di) + (R, 


- R 2 )*cit 


1 N IT T 2 = 2 




Ri = u t *T,*T2 




R 2 - uj'Tj'T] 




T 3 (fl = T a (t - dt) + (R 2 


- R 3 )*di 


INITT3 = 1 








R 3 = WTt 




TJt) = T d (t - dt) + (R 3 


- Rj k di 


INITT 4 - 1 








R A - u/T, 




Ida.- 0.1 




- 0.1 








M3-0.1 




u„ = 0.1 





The variety of designs chat the trajectories produce when we start modifying the 
parameters is truly remarkable A few examples appear in Figure 5.18. In the left-hand 
column we are looking at the regular graphs of state variables vs time; in the right-hand 
column we have the scatter graphs, where T t and T, are displayed as functions uf Tj 



50 1 00 ISO ?W HO OX OS 09 i i2 I J 16 I a 2 

Time T 3 

u = 0. 1 Uf'&l u 2 = 0.1 Uj-0.1 




uq = 13 u n - O.t u 2 -0 1 u 1 - I 




u t = 15 ii, -0 06 u s - .17 L3 - 2 



USIiliauLI Adding another Trophic level {fourth) stabilizes the system and makes it persist, even 
though some of the oscillations seem to be chaotic. 

The left-hand column shows the dynamics of the four populations, the right-hand column graphs are phase 
dynamics of populations of the first two trophic levels as functions of the third trophic level population. 
These show how irregular rhe oscillations may become 
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5.4 Spatial model of a predator-prey system 

The models we have looked at so far have been local - that is, spatially they had no 
resolution, assuming that the whole area that we were modeling was uniform, and 
that the same populations with the same parameters of growth and death were dis- 
tributed across the area. We did not know or care about any spatial differences. But 
what if that is not the case? 

Suppose we do care about spatial differences. Suppose that the populations have 
different numbers across the landscape. How can we model the system in this case? 

First, let us decide on how to represent space. In Chapter 2, we saw several ways 
to make space discrete so that we can put the spatial dimension into a model. We 
need to decide on the form and size of the spatial segments that we wish to use. In 
doing that, as always in modeling, we will be looking at the goal of the study and the 
spatial resolution of the data that are available. Then we will select modeling soft- 
ware for these spatial simulations. 

Stella may not be the best tool for this. Theoretically, we could replicate our model 
several times and have several stocks for prey and several stocks for predator, represent- 
ing their numbers in different spatial locations. We could also add some ailes of tran^ 
sition between these stocks, representing spatial movement between different places. 
The Stella model would look like Figure 5. 19 (see page 165). In this case, we assume 
that organisms migrate to the compartment where the existing population size is lower 

This could probably work for two, three or four locations - maybe even ten - but 
then the Stella model would become almost incomprehensible. We could use the 
array functionality in Stella, which would make it a little bit easier to handle. If you 
are unfamiliar with arrays in Stella, read the pages of the Help File. It does a really 
good job of explaining how to set up arrays in Stella. For example, the model above 
on a 3 X 3 grid of 9 cells can be presented with a diagram that looks quite simple 
(Figure 5.20; see page 165); however, the equations are not simple at all: 



Rabb!ts|col1,row1 |(t) = RabbitslcoM ,row1 Kt-dt) + (R_births[col1 ,row1 |-Predation |col1,row1]- 
R_migrgtion(col1 ,row1 ]) * dt 
I NIT Rabbits(col1,row1J - 1 

Rabbits|col1,row2](t) = Rabbits[col1 ,row2](t-dt) (R_births(col1 ,row2HPredation[col1 ,row2l- 
R_migrationlcol1 J row2]) * dt 
INIT Rabbits[col1,row2] = 2 

Rabbits|col1 ( row3|(t) - Rabbits[col1 ,row3|(t-di) + {R_births[col1 r row3J-Predation[col1 ,row3]- 
R_migration[col1 ,row3}) > dt 
INIT Rabb'its[col1,row3] = 3 

Rabbitslco^rowlHt) = Rabbits[col2,row1 J(t-dt) + (R_births|col2,row1 |-Predation[col2.row1 J- 
R_migration|col2,row'll) * dt 
INIT Rabbits(co!2,row1] - 3 

Rabbits[col2,row2](t) - Rabbitslcol2,row2)(t-dt) + (R_births|col2,rovv2)-Predation[co[2/ow2|- 
R_rnigrationlcoi2 / row2)) * dt 
INIT Rabbits|col2,row2] = 2 

Rabbits[col2 r row3)(ti = Rabbits[col2,row3)(t-dt) + (R_births(col2,row3]-Predation|col2,row3l- 
R_migration[col2,rov^3]) * dt 
INIT Rabbitslcol2,row3| = 1 



Model; C 
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R3bbits|coi3,row1 !(t) - Rabbits|col3,rowl |(t-dt) + (R_births|col3,row1 1 
R_migration(col3,row1 1) ** dt 
I N IT Rabbits(col3/ow1] - 1 

Rabbits[col3 ; row2|(t) - Rabbits|col3,row2|(t-d1) + (R_births[col3,row2l 
R„migration[col3,row2]) * dt 
INIT Rabbits[col3,row2] - 2 

Rabbits[col3,row3](t| - Rabbits|col3,row3l(t-dt) + (R_births[col3/ow3l 
R_migratJon[coi3,row3]l * dt 
INIT Rabbits|col3 r row3) - 3 

INFLOWS: 

R_births|column,row] = alpha* Rabbits|column,row| 
OUTFLOWS: 

Predaiion(columnjow| - beta 'Rabbits|columrvow| *Wolves[column,row| 
R_migration[col1,row1| = gamma*(Rabbits(col1 ,row1 |-Rabbits(col2,row1|) + 
gamma*(Rabbits|col1 ,row1 )- RabbitslcoH ,row2]) 

R__migration[col1,row2] = gamma*((Rabbits[col1 ,row2]- RabbitslcoH /owl |) -r (Rabbits|col"L 
row2)-Rabbits|col2,row2|) + (RabbitslcoH ,row2J-Rabbits(col1 ,row3|]) 
R_migration[coH,row3l = garnma*((Rabb'ts[col1 ,row3l-Rabbits[con,row2]) + (RabbitslcoH, 
row2]-Rabbits|coi2 ( row3]} ) 

R„migration[col2,rowl] - gamma* ((Rabbits[col2, row 1 ] - Rabbitsfcol 1 ,row1 \) + (Rabbits|col2, 
row1]-Rabbjts[col2,row2]) + (Rabbits[col2,row1 )-Rabbits|col3,row1 ))) 
R_migrat«onlcol2,row2| = gamma*((Rabbitslcol2,row2]-Rabbits[col2 l row1 1} + {Rabbits(coi2, 
row2]-Rabbits|col2 ( row3l) + (Rabbits[col2,row2J- RabbitslcoH /ow2l) + (Rabbits[col2,row2|- 
Rabbits|col3, row2D) 

R_migration|col2,row3J = gamma*((Rabbits(col2,row3|-Rabbits(coH ,row3|) + (Rabbits(col2, 
row3| -Rabbits(col2,row2]) 4 (Rabbftslco^rowSHRabbitslcolS.rowS))) 
R..nnigration[col3 ; row1 ) = gamma*(<Rabbits(col3,row1 )-Rabbits[col2,row1 ]) -+ !Rabbits(col3, 
rowl ] - Rabbitsfcol3. row2]}) 

R^migration(col3,row2l = gamma*((Rabbits[col3/ow2]-Rabbits|col3,row1 1) + (Rabbits(col3, 
row2] - Rabbitslco'2, row2]! + (Rabbits(col3,row2J - Rabbits|col3, row3D) 
R_migration[col3,row3| = gamma *((Rabbits|col3,row3|-Rabbits[col3,row2]) + (Rabbits[col3, 
row3] - Rabbits[col2,row31)} 

Wolveslcoll f row1l(t) - Wolveslcoll ,row1 ](t— dt) + (UptakelcoH jowl ]- 
W_mortalitylcol1,row1KW_migrationIcol1,row1]J * dt 
INIT Wolveslcoll , row 1 ) = 1 

Wolves [col1,row2](t) = Wolves[col1 ,row2){t-cft) + (Uptake[col1 ; row2|- 
W_mortahty[col1 ,row2]-W_migration(coH ( row2l) * dt 
INIT Wolveslcoll, row2] = 2 

Wolveslcoll, row3]{t) = Wolveslcoll ,row3l(t-dt) + (Uplakeicoll ,row3)- 
W_mortality(col1,row3]-W_migr3tion|col1,row3]) * dt 
INIT Wolveslcoll, row3| = 3 

Wolves|col2.row1){t) = Wolves(co!2,row1 |(t-dt} + (Uptake(col2, rowl |- 
W_mori5lity[col2,row1]-W_migration[col2 ; rowl|) * dt 
INIT Wolves|col2,row1 ] = 3 

Wolves[col2,row2](t) - Wolves[col2,row2|(t-dt) + (Uptake[col2 f row2)- 
W_mortality|col2,row2]-W_migration(col2,row2)J * dt 
INITWolves|col2,row2] = 2 



-Predation|col3,row1 ] - 



-Predation[coJ3,row2] - 



-Predation[col3,row3j- 
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Wolves[col2,row3](t) = Wolves[col2,row3)(t-dt) + (Uptake[col2jow3]- 
W_mortality[col2/ow3]-W_migration[col2/ow3|) * dt 
INITWolvesfcol2.row31 = 1 

Wolvesfcol3,row1 ]<t) = Wolves (col 3, rowl ](t-dt) + (Uptake(col3,row11- 
W_mortality[col3 l row1]-\A/_nnigfation[col3 ) row1]} * dt 
INITWolves[col3,row1] = 1 

Wolves(col3,row2)(t) = Wolves|col3,row2)(t-dT) + IUptake|col3.row2J- 
W_mortaJity[col3,row2J-W_migration|col3 ( row2|) * dt 
IMITWolves(col3,row2] = 2 

Wolves[col3,row3l(t) = Wolves(col3,row3|{t-dt) + (Uptakelcol3,row3]- 
W_mortality{col3,row3|-W_migration[col3,row3]) * dt 
INITWolves[co!3,row3] = 3 

INFLOWS: 

Uptake[column r row] = k - Predaiion[colurnn,row] 
OUTFLOWS: 

W_mortality(column r row] - mu*Wo!ves[column,rowI 

W_migration[col1,row1] = delta*({Wolves[col1.row1]-Wolvesfcol2,row1l) + (Wolves[coll , 
rowlJ-Wolveslcoll .row2D) 

W_migration[col1 ,row2] = delta*((Wolves[col1/ow21-Wolves[col1,row'l 1) + (Wolves(col1 , 
row2]-Wolves[col2,row2]) + (WolvesIcoM ,row2|-Woives(col1,row3])) 
W_migration[col1,row3) = delta*«Wolves[col1 , row3]- Wolves [col 1,row2]) + {Wolves[col1 , 
row2|-Wolves[col2,row3))) 

W_migration(col2,row1] = deita*«Wolveslcol2,row1 ]-Wolves|col1 ,row1 ]) + (Wolves(col2, 
row1]-Wolves[col2,row2]) + iWolves[col2,row1 |-Wo)ves|col3,rowl ])) 
W_migration[col2,row2| = delta*((Woives|col2,row2l-Wolves|col2,row1 1) + (Wolves|col2, 
row2]-Wolves(col2/ow3]) + IWolves[col2,row2|-Wolves[col1 ,row2J) + (Wolves[col2, 
row2)- Wolves Icol3,row2]j) 

W,rnigration|col2,row3| = delta*{(Wolves|coi2,row3]-Wo1ves[col1,row3]) + (Wolves[col2 
row3]-Wolves[col2,row2]) + (Wolveslcol2,row3]-Wolves[col3,row3])} 
W_migration[col3,row1] = delta*((Wolveslcol3,row1 ]-Wolves[col2 r row1!) f (Wolves[col3, 
rowl ]-Wolves|col3,row2|)) 

W_migraiion{col3,row2] = delta*((Wolves[col3jow2]-Wolvesjcol3,row1 ]) + (Wolves[col3, 

row2] -Wolves|col2,row2]) + (Wolves[col3,row2] - Wolves[col3,row3D) 

W_migration[col3,row3| = delta*f{Wolves[col3,row3]-Wolves|col3,row2]) + (Wolves|col3, 

row3] -Wolves|col2. row3J)) 

alpha = 1 

beta = 1 

delta = 0.02 

gamma = 0.01 

k = 0.1 

mu = 1 



In particular, it is a real headache to define the equations of movement, migra- 
tion. We assume that our cells are arranged as in Figure 5.21, and both wolves and 
rabbits can move co the next cell if the population size there is lower than in the 
current cell. There will be lots of clicking on the Stella diagram to define all the 
connections. As the number of spatial cells grows, the model description quickly 
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Figure 5,19 



A two compartment Stella model of a predator-prey system. 



Rabbtts 



a'pha 



births 
R migration 




4£3 



Predalion 



\ 



\ 



-!>- 



O 

gamma 



Uptake 

W migration 




o 



mu 



delta 



Figure 5-20 



U^iJiiSiSOSU Severa compartments can be modefed using the array functionality in Stella. 
The diagram ts tidier, but it is still quite cumbersome to describe the mtercDmpartmentaS Hows 
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Figure 5.21 



The Hows between array elements 
It heips to have the diagram when describing how different array elements interact 
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Figure 5.22 



A Simile model for the predator-prey system. Note that there are many more icons to 
use when constructing models. The whole model can be described as a submodel (called a Cell in this case}. 



becomes very cumbersome; ir becomes especially hard ro input the data, visualize 
the output, or define various scenarios that involve spatial dynamics. Imagine defin- 
ing a model with a hundred or mare array elements 1 There has tn be a bet re r way to 
do this. 

Let us take a look at some other software touU that may he more suited to these 
tasks than Stella. One potentially powerful tool for spans I modeling is Simile* and 
we will explore an example in that modeling system. 



Simile model 

The predator-prey system itself is very simple to put together, especially if we 
already know Stella conventions- The basic interface in Simile is almost identical 
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Figure 5.23 



Output from the Simile predator-prey nodel using the Plotter helper to create a 
time dependent graph 

This is identical to what we were generating in Stella. 



(Figure 5.22). Here, we slightly mod trie d the model, describing Crass as prey and 
Rabbits as predator That would be one trophic level below what we were consid- 
ering above, but there is really no need for much change in how we formulate the 
model, Whereas in its systems dynamics Simile follows Stella's formalism quite 
closely, it also goes way beyond Stella's fu net tonality in a lor of ways. As you may 
notice, in Figure 5 22, there are quite a few more icons or building blocks in Simile. 
We will not go into much detail describing all of them - that can always be done by 
downloading the tree trial version of the package and exploring the different exam- 
ple* and contributed models. The Help tile and the Tutorial for Simile is nowhere 
nearly as foolproof as in Stella, so be prepared to spend quite some time if you decide 
to explore the more advanced features of the software. 
Among these features let us mention the following. 

* Modularity. In Simile, you can create a "sufefaiodd" that can be then used in other 
models This is handy for disaggregation of models, for creating spatial models or 
tor substituting one model component for another. 

• C++ cwie. Simile generates C++ code, which can be used within the framework 
of other systems, interfaces or environments. It can he ported to different compil- 
ers producing optimized computer code. 

« Extendable interfaces. All input/output is handled by TdiTk programs called 
'Helpers/' Users can create their own Helpers to suit the needs of a particular 
application » and pore these programs into the software, For example, the output 
for the model in Figure 5.22 shown m Figure 5-23 comes from a particular Helper 
designed to plot model results. 
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Figure 5.25 



A two dimensional graphic visualization that the Spatial Grid display helper generates. 
The intensity of the color corresponds to the population numbers of Rabbits in different cells. 



There is actually an easier (bur also nor very well -documented) way ro do rhis if 
you define the array as being 2D. You do this by double clicking on the background 
of your stack ot cells, which opens a dialogue box: 



O 



Propenies of Cell 



Advanced 



Control of number of instances 
2 Using populaifon symbols 

C Using number of data records in file 

Using specified dimensions 10.10 



Background shade: 



| Clear ■ Colour... ■ \ Image. 



Not 

Description | 
Comments 



Here we can input the dimensions of the array, making u two-dimensional Let 
us specify the dimensions 10,10, Now the array will be treated as rows and columns, 
and we will not need fq worry about the conversion ot a linear array into a ma[rix. 
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Time 



Figure 5,26 



Using the Plotter helper to output an ensemble of trajectories for all the cells in the model. 
The initial conditions are generated m random in the [1,2] interval, and each cell then develops on its own 



To view the results of our spatial runs, we can choose che helper called "grid dis- 
play." When defining the grid display we will he requested to "click on the variable 
containing the positions of IDs of [he columns" - click on che "col" variable Then 
we will be asked tci choose the varinhle to display, and will click on Rabbits. 

If vvc now run the model, we can observe how Rabbit populations vary in all che 
cells (Figure 5.26). Note that in this case the graphic display produces an ensemble 
of 100 curves, which originate somewhere in che interval [1,2| and then oscillate like 
in the predator-prey model considered before. 

So far, the cells have been working independently- There has been no interac- 
tion between variables in different cells. That is not particularly interesting Let us 
now make the Rabbits move hon:oncally. Suppose chat, as in the Stella model we 
considered above, we want to mnke Rabbits move from cells with higher densicy to 
cells where there arc less Rabbits. This is similar to the diffusion process- For each 
cell we add the migration flow (Finite 5.27). which calculates the movement of 
Rabbits in each of the four directions: front, back, left and right. First, we define an 
array of Rabbits in all ceils - R_A. Then 

Migration = delta * t(tf col > 1 chei R3nbit$-elemeni{|R_A|, {row - 1) * size + 
col - 1) else 0) + til col < size ihen Rabbits-eiement(|R„A|,lrow - 11 *$ize + col + 1} 
else 0) + (if row>1 then Rabbits-elerrenti|fl_A|,{ruw - 2} ' size + col) else OH 
(if row < size then Raobits-elemeni(|R A|. row " size + cod else 0)) 
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Cell 




mzww'-wzWJrM Spatial predator-prey model in Simile with migration added for Rabbits. 
The R_A variable stores the values for Rabbits in all cells as an array- The decision for migration is based on 
the number of Rabbits in adjacent cells. Rabbits jump to the neighboring cell if the population there is less than 
in the current cell. 



This was pretty clumsy, but straightforward. For each cell, we compare the 
number of Rabbits with the numbers in the four adjacent cells. If the difference is 
positive, we get a positive flow from the cell to the neighboring cell. If it is negative, 
we get a flow from the neighboring cell into the center cell. Here, we used the ele- 
ment built-in function elementdALO, which returns the ith element of array A. Note 
that here we are translating the 2D definition m terms of (row,cell) back into the ID 
definition. 

To test how this works, we will initialize the model differently. Let us make the 
Rabbits biomass equal, say, three only in one cell (e.g. i = 25), and make the biomass 
equal one in all other cells. Let us also switch off all the ecological predator-prey 
dynamics by setting the growth, death and predation rates to zero. If testing a partic- 
ular process, horizontal dispersion in this case, it is important to ensure that nothing 
is interfering with it. If we run the model, we will see how rabbits gradually disperse 
across the area (Figure 5.28). Note that we have also added a variable, sum_R, to 
the diagram. This variable is equal to sum([R_A]), another built-in function which 
returns the sum of elements of an array. This is useful to check that we are not losing 
or gaining rabbits; it works as a mass conservation check. As long as sum_R does not 
change, we are OK, 

What is also nice about Simile is that we can change the size of the area and the 
number of cells just by changing the "size*' variable and the number of instances of 
the "Cell" array. This can be done by double clicking on the Cell submodel and then 
specifying the dimensions. For example, we can switch from the 10 X 10 grid that 
we were exploring above to a 100 X 100 grid in just a moment, and start generating 
similar dispersion patterns on a much finer grid of cells (Figure 5.29). Imagine build- 
ing a similar model on a 100 X 100 grid in Stella! 
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Simile can also save equations; however, here it is done using a programming language, 
Prolog, which makes it a bit harder to read for somebody unfamiliar with the conventions of 
that language - especially when the model becomes more complex For simple models like 
the one we are studying, it is still quite easy to understand what the statements are about. 
Below is the Grass-Rabbits model as described m Simile 

Model R_ G_array10000 

Enumerated types: null 
Variable R_A 

R_A = [Rabbits] 

Where: 

[Rabbits! = Cell/Rabbits 

Variable sum_R 

sum_R - sum(|R_A|) 
Submodel Cell 

Submodel Cell is a fixed_membership submodel with dimensions [10000). 
Enumerated types. [ 
Compartment Grass 

Initial value = 2 

Rate of change = + Growth - Grazing 
Compartment Rabbits 

Initial value = if (indexO) == 2550) then 300 else 1 
Rate of change = + Uptake - Mortality - Migration 
Comments: 



size + col- 1 ) else 0) + (if col<size then Rabbits-element([R_A],(row- 1 )*size + col + 1 ) else 
0) + (if row > 1 then Rabbits-element(fR_A],{row-2)*size + col) else 0) + (if row<size then 
Rabbits-element(|R_A],row*size + col) else 0)) 



For random initialization rand_const(1 ,2) 



Flow Grazing 

Grazing = 
Flow Growth 

Growth - 
Flow Migration 

Migration = 



alpha*Grass 



beta*Grass*Rabbits 



delta* ((if col > 1 then Rabbits-element([R_A],(row - 1)* 



Where. 



[R„A] 



./R_A 



Flow Mortality 

Mortality = 
Flow Uptake 

Uptake = 
Variable alpha 

alpha = 
Variable beta 

beta = 
Variable col 

col - 
Variable delta 

delta - 



mu*Rabbits 



k*Grazmg 



fmod(indexd) - Lsize) +■ 1 



0.1 
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Figure 5.28 



Spatial output for the model with migration- 
First we use a simplified initial condition to make sure that we can generate a pattern of dispersion, as we 
might expect to see in a model that is similar to the diffusion process. 




Rabbits (100x100. time = 100.0) 



Figure 5.29 



The same model but with 10,000 cells active. 
Switching from one model dimension to another is easy; rt requires only changing one parameter and the 
definition of the array size. 



Now chat we are confident about how rabbits move horizontally, we can switch 
the ecological processes back on and see how the system performs in space. Once 
again initializing Rabbits and Grass randomly over the landscape, we can see how, 
due to dispersion, the patches become blurred; every now and then, when Grass is 
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depleted, the overall population falls to a low then, following general predator-prey 
dynamics, Rabhits reappear (Figure 5,3C), We can also output the results as time 
graphics for each cell Figure 5-31 presents ensembles of IC.CCC curves for Rabbits 
and Grass iri each of the 1CCCC cells. This graphic and the quantity of computations 
that stand behind it should really be appreciated. Interestingly, in spite of all this spa- 
tial variability, the totals for Rabhits and Grass follow exactly the classic predator- 
prey pattern that we have seen before (Figure Well, almost exactly, as we can 
see from the scatter-plot XY diagram in Figure 5 33 . Whereas previously for just two 
variables in one cell the Runge-Kutra method produced nn exact ellipsoid, winding 
over and over itself again and agam, with 1C.G0C instances of the same model the 
behavior becomes quite different. There is certainly more reason to expect that it 
is the error that accumulates and taices us slowly off track Let us check; is it the error 
that causes this, or something else' 

The first remedy to decrease computation error is to switch ro higher-order 
numerical methods or to decrease the time-step. There is nothing better in Simile 
than Runge-Kurta, so higher-order methods are not an option However, we am eas- 
ily decrease the time step. Above, we had DT - C.L Lei us make it DT = C.Cl Now 
it will take us almost \0 times longer to run the model, yet unfortunately we are not 
getting any different output Still the trajectory keeps winding towards the center. So 
what else could be causing it? 
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Figure 5.31 



Using Lhe plotter, we can view dynamics 1or all the 10,000 cells. 



Let us go hack to the original model In order to get there, we will remove 
the horizontal fluxes (Migration =0 if delta = 0), and initialize all the cells 
the same. Nnw we tire simply running a bunch of predator-prey models simul- 
taneously. To make the model run faster, we can also make the spatial dimen- 
smns smaller: ler us set the mis equal to 2, and the dimension of cells equal to 4, 
If we now run the model, we will finally get the. expected ellipse (Figure 5.34A). 
Next, let us initialize the four cells that we have randomly selected The result is 
somewhat unexpected (Figure 5 34B), and answers our dilemma: it is the random 
nu mbers in the snirial conditions that make the total population dynamics so dif- 
ferent If we increase the number of cells (size = 10), the populations tend to lie 
less chaotic and tend towards a limit cycle (Figure 5,.>4C). The graphic in Figure 
"5.340 is produced by the same 10,000 cells with horizontal migration switched 
on (delta = 0.1), as we had in Figure 5.33, hut after some 1,500 time-steps. We 
see that here also there is a cleat trend To the center, where the population almost 
equilibrates, 

This is quite remarkable, since, as you may recall, one of the major critiques 
of the classic Lotka-Volterra model was that it depends so much upon the initial 
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Figure 5,32 



Output lor I he total numbers ol Rabbits and Grass in a El the 10,000 cells. 
The totals seem to follow the classic predator -prey oscillations observed before, when dealing with a spatially 
aggregated modei. 



sum_G 

40000 1— 




■amtii«*gcM A scatter gra p h | or xy graphl where the numbers for Grass are displayed as a function 
of the number for Rabbits. It shows that the oscillations are damping. 



Figure 5.33 
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Figure 5.34 



Resolving the mystery of dampened oscillations 
A. When we have no suatia: heterogeneity, the population is spatially uniform, and we have an ideal predator- 
prey ellipse as in ihe classic model B. Wjth the population randomly initialed in just four cells we get a 
chaotic behavior that "Fills the whole interior of the ellipsoid, C With 100 cells randomly initialized, the area of 
chaotic dynamics shrinks to a smaller domain. D. With 10,000 cells there is no more chaos and the trajectories 
tend to a small limited cycle, around which they keep oscillating. This behavior no longer depends upon the 
initial conditions, as long as the cells are initialized with diflerent values 



conditions. The classic mode! describes a population over a certain area, where spa- 
tial heterogeneities are ignored and all the organisms are lumped into one number 
representing the total population, However, in realiry they are certainly unevenly 
distributed over space. If we split the space into just u few regions and present the 
dynamics in this spatial context, we gee results that are significantly different from 
the classic model. Actually, it turns out that the stable oscillations are an artifact 
of the averaging over space. With several spatial entities we have a converging 
dynamic, which also no longer depends upon the initial conditions 

If we take a closer look at the spatial distributions that correspond to this quasi- 
equilihrium state, we may find some weird spatial patterns { Figure 5.35). Starting 
from the randomly distributed initial conditions (Figure 5.35AK after some 1,000 
iterations, as the trajectory on the phase plane converges toward the center of the 
ellipsoid a spatial pattern emerges that, while changing to a degree, still persists, as 
can be seen from the series of snapshots taken approximately every 50 iterations 
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G H I 



Figure 5,35 



The spatial distribution in the IQ h 00O-cell model with migration 
Starting with random initial conditions (A), after some 1.000 iterations a pattern is formed, which then persists 
(B-l). Thus there is a pattern that emerges both in time and space. 



{Figure 5.35B-J). Jr. is not clear how arid why this pattern emerges, but it is interesting 
to register that emergent patterns can result from this kind of noil- linear dynamics 

Using the so-called association submodel concept in Simile we could put 
together much more elegant solutions for this model; however, these models also 
become far more difficult to build and comprehend 

Let us put toperher nn association submodel called NextToCell Jt will be 
defined by two relationships: "self 1 and "neighbor" These are cell attributes that are 
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provided by the stack of cells with the submodel in each of them. The existence of 
NextToCell submodel is defined by the condition cond I . 

CftH 




condl = 1 (coLself == coLneighbor and row_self == row_neighbor) and 
abs(col_self-col_neighbor) < 1 .5 and abs(row_self-row_neighbor) < 1 5 

This condition is true only if the coordinates (col, row) of the two cells arc adja- 
cent to each other - that is, the difference between the col and row coordinates is 
less than 1.5 and the cell is not itself. In this way we can describe all eight cells in the 
vicinity of a given cell. For each of these neighbor cells we define a variable called 

migration = Rabbi ts_neighbor - Rabbits_self 

This is the difference between the number of Rabbits m the cell and the neigh- 
boring cell. This value is then fed back into the model and is used to define the flow 
called 

In = delta*sunn({rriigration_self}) 

Here we are summing all the migrations for the eight neighboring cells and s with 
the diffusion rate of delta, using this sum to update the number of Rabbits in the cur- 
rent cell. Note that when 

Rabbits_neighbor > Rabbits__self 

the flow is positive, and it is negative otherwise. This should be sufficient to describe 
the diffusion process of Rabbits in our system. Indeed, if we run the model we get 
some very plausible distribution that looks very similar to what we have been gener- 
ating above - but, we have to Agree, this formulation is way more elegant. 
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SME model 

Let us explore yet another way r.o build and run spa rial models. The Spatial Modeling 
Environment (SME) is not quite a modeling system, ^ince it does not require a lan- 
guage or formalism of its own It can take the equarions from your Stella model and 
translate them into an intermediate Modular Modeling Language (MML), which is 
then translated into C++ code. At the same time, SME will link your model to spa- 
tial data if needed 

Let us first put the same Grass— Rabbits model into Stella and make sure that 
it rum properly As a result, we will end up with the following system of Stella 
equations: 

Grass(t) = Grasstt - dO + (G_growih Grazing^dt 

INIT Grass = 2 

INFLOWS: 

G .growth = alpha *Grass 
OUTFLOWS 

Grazing = beta*Grass # Rabbils 

RabbitslO • Rabbits(t - dt) + (Uptake - R_mortalityrdt 

INIT Rabbits - 1 

INFLOWS 

Uptake =- k*Grazing 
OUTFLOWS: 

R_mortali*y - rnu*Rabbit5 
alpha = 1 
beta = 1 
k = 0.1 
mj - 0.1 
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For these Stella equations, we do <£dit -> SeJecc Ail> and then <Edit -> 
Copy> . 

Next, we open a Text Editor on our computer (on a Macintosh it will be BBEdit. 
or TextEdit; in Windows it is probably the Notepad) and paste the equations into 
the file, then save the file using the .eqns extension and naming it R_Gl.eqns. 

We now need to get SME running. SME is open source and is available for 
download from Source Forge, the main repository of open-source projects. The URL 
is http://souiceforge.net/projects/smodenv. SME is available for Linux and Mac OSX 
operating systems; there is no Windows version so far. Once we have downloaded 
and installed SME, we need to set up the SME project. 

Having chosen a name for our proiect - let us say R_G, representing 
Rabbits&Grass - we open the Terminal window and enter the command: 

>SME project R_G 

If the installation has been done properly, this sets up the project directory. Now we 
can put the equations file that we created in Stella into the directory Models. We 
will call the model R_Gl and perform the SME command: 

>SME model R_G1 

Now we get: 

Current project directory is /Documents/SME/Projects/ 

Current project is R_G 

Current model is xxx 

Current scenario is xxx 

Current model set to R_G1 

Current project set to R_G 

It is not important at this time, but let us also choose a scenario name. W 7 e will see 
what that is later on. Using the command 

>SME scenario S1 

we get: 

Current project directory is /Documents/SME/Projects/ 
Current proiect is R_G 
Current model is R_G1 
Current scenario is S1 

Now we can import and configure the model: 
>SME import 

This will take rhe equation file and translate it into the MML (modular modeling 
language) specification. There will probably never be any need to see the result, but 
for the sake of curiosity it is possible to look at the file Mode ls/R_G 1 .MML for the 
MML specification and then look at Models/R_Gl/R_Gl_module.xml, which is the 
same file in an intermediate XML specification. 

At the same time the first config file has been generated in Config/R_Gl.MML. 
config. This file srill contains just a list of all variables and parameters of the model. 

Let us do the build command now: 

>SME build 
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Something is processed, there are some messages, and at the end it can be seen 
that some C++ code has already been compiled. This is not important at this time, 
since we will probably still need to do some more configuring before we get some- 
thing meaningful. What is important is that a couple of more config files are gener- 
aied. See what is in the Config directory now: 

RjGl.biflows, R.Gl.conf, R_GLS1, and R_Gl.Sl.conf.out 

The most important file is R_Gl.conf. This will be the config file that we will 
he working with most of the time. At this time it has the following list of parameters: 

# global DS(1 0,0} n(l)s(4332) ngi(O) op(0> OKI, 0.20) d(0) UTM (0,0.0.0-0) UTM(1, 1.0,1,0) 



£ R_G1_modu)e 




* ALPHA 


pm(1) 


* BETA 


pm(1) 


* GRASS 


sd)sC(C) 


* GRAZING 


ft(u) 


■ G_GROWTH 


ft(u) 


< K 


pm(0 100000) 


4 MU 


pm(0 100000) 


* RABBITS 


sil) sC(CS 


* R_MORTALITY 


ft(u) 


* TIME 




* UPTAKE 


ft(u) 



If we compare this file wirh the Stella equations above, we see that it contains infor- 
mation about all the parameters chat we had there. In the equations: 

alpha = 1 
beta - 1 
k = 0.1 
mu = 1 

we find the same values in the R_G1 .conf file. 

What we have lost are the initial conditions. Thar is because in Stella we 
defined the initial condinons in the state variables boxes, rather than as parameters. 
SME does not like that. Let tis quickly go back to Stella and fix it by dehning initial 
conditions in terms of some auxiliary parameters: 

INIT Grass = Gjmt 
INIT Rabbits = Rjrnt 
GjniT = 2 
Rjnit = 1 

Note the tiny difference between this set of equations and what we had above. We will 
now have to do another >SME import and >SME build. Keep in mind that whenever 
we alter the equations, we need to do a re- import and a rebuild. We do nor need to re- 
import and rebuild if we only modify the parameters in the config file. However, if any of 
the parameters are redefined as spatial, a rebuild is needed. We will get back to this later. 

So another SME import modifies the R_G I. MML. config file - but when we 
run SME build rhe R_GI.conf hie will not be changed. This is a level of protec- 
tion to make sure that the config file wich all the valuable spatial information is not 
inadvertently overwritten, by re- importing and rerunning the Stella equations that 
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do nor contain this data. This might he a little confusing; however, it is important to 
protect the spatial version of the con fig file. 

The output from the last rebuild can he found in R_G1 .SI .conf.out, and if this 
is really what you want to do, you can delete your R_Gl.conf file and rename the 
R_G I. SI. conf.out into R_Gl.conf. This is what we will do now to get the following 
as the config file for the model. 

# global DSi'1.0,48) n<1) s(4332) ngliO) op(0) OTi.1.0, 0.0, 20.0) d{ 0) UTM(0,0.0,0 0) 



UTM(1 ,1.0,1 0) 




$ R_Gl_module 




* ALPHA 


pm(l) 


* BETA 


pm(1) 


" GRASS 


sdisQC) 


* GRAZING 


tt{u) 


* GJ3ROVVTH 


fttuj 


* G_INIT 


pm(2) 


« K 


pm(O.IOOOOO) 


* MU 


pm(0. 100000) 


* RABBITS 


s(1) sC(C) 


* RJNIT 


pm(1) 


* R_MORTALITY 


ftfu) 


"TIME 




* UPTAKE 


fl(u) 



Note that the initial conditions are now properly defined in this file. We are ready 
to run the model in SME. However, first let us take another look at the config file. We 
have already guessed that pmQ is a parameter in Stella. Whatever value the param- 
eter had m Stella, it was automatically transferred into the config file. Also, the state 
variables (GRASS and RABBITS in this case) are described by two commands, s() and 
sC(C). What ate they? The best available documentation for SME is on the web at 
http://www.uvm.edu/giee/SME3/ftp/Docs/UsersGuide.html. Most of the commands are 
described there, chough not in the most foolproof way. For the state variables, we learn 
that s(l) means that we will be using the first-order precision numeric method. We 
might also learn that the rwo commands that were generated by the SME build com- 
mand are actually not quite consistent with the latest documentation: the *C(C) com- 
mand could be erased and instead the s command should be s(CIC). However, SME will 
still run with the sC{C) command. r, C" means that the variable should he clamped - 
that is, it will not be allowed to become negative. It is not unusual to find these kinds of 
glitches in open-source code; after all, these guys are not paid to write the fancy tutorials 
and documents to make their software useful! We have to either bear with them (after 
all, the software is free) or, even better, help them. We can always contribute our bug 
reports and pieces of documentation that we put together while exploring the program. 

Next we need to configure the output. So far it is undefined; we do not know 
what the program will output and where will it go. Let us use the P{0,0) command to 
see how the state variables change. The lines for GRASS and RABBITS will now be: 

* GRASS P(0,0) S(C1CJ 

* RABBITS P{0,0) s(CK) 

Note that we have also got rid of the outdated sC(C) command. Just one more 
thing before we run the model. Take a look at the first line in the config file, the 
one that starts with ^global. This is a set of general configuration commands that are 
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placed there by default hy the translator. The two important ones that we may want 
to change right away are the OT{) and the d{) commands. Check out the SME docu- 
mentation :o learn more about them. The d() command sen up the debug level - that 
is, the amount if information thar will be provided into the command line interlace. 
When we have d(0), thar is the minimal amount. If we want co see what equations 
are solved m which order and what actually happens during our mode! run, we prob- 
ably need to bump up the debug level, making it d(l } or d{2). 

The OT command defines the time-step, the stare and the end of the Simulation. 
Right now we have OT{ 1 .0,0.0,20.0), which means that we will run the model with 
a time-step uf I, starting from day and finishing on day 20, This will not allow us to 
gu beyond 20. If we wish to have a longer simulation rime, we need to change u to, 
say, OTf I C, 0.0, 100,0). Now we can make up to 100 steps. 

Finally we can run the model, using 

>SME run 

See %vhac happens In the command line interface we get: 
[AV-Compuier:SME/Projects/R_G| voinov% SME run 

*** Spatial Modeling Environment, Copyright (C) 1995 (TXU-7Q7-542), Tom Maxwell 

*** SME comes with ABSOLUTELY NO WARRANTY 

4 *"* This is free software, and you are welcome to redistribute it 

* ** under the terms of the GNU General Public License. 

Current proiect directory is /Documents/SME/ProjecTs/ 

Current project is R_G 

Current model is R_G1 

Current scenario is xxx 

Running SME model R_G1 in seria 1 mode, cmd: 

/Documents/SME/Projects//R_G/Dnver/R_Gl 

-ppath /DoC u me nts/SME/P rejects/ -p R_G -m R_G1 

-ci /Docunents/SME/Projects//R_G/Config/R_Gl.conf -pause -seen xxx 

into Setting Project Name to R_G 

info 

Allocating module R_G1_module, ignorable: 
info Reading Config Files 

info: Opening config -file: /Documents/S M E/Pf oject s/R_G/Conf sg/R_G 1 conf; 
info Reacmg config file 

warning: this program uses getsO, wrv-ch is unsafe. 
SME> 

Here, the driver stops and waits for us ro tell it what to Jo next. It looks like gitv 
beri^h, but may actually contain some important information - especially if we run 
into errors. To run the model for 5 days, we use 

$ME>r 5 

If we have the debug level set at d( 1 ), we will probably get: 

info: Setup Events 

info: CreateEventLists 

info: ProeessTemporalDependencies 

info: ProcessSpatialDependencies 

info: CreateEventLists 
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info FilllnitiahzaUonList 

info: Split & Sort Lists 

info. Setup Variables 

info: Setting Up Frames & Schedules 

info: Allocaiing Memory 

info Posting Events 

info Opened xrr,! File /Docu rnent$/.SME/Projects/F{_G/Models/R_G 1 /xxx/R_G 1 _ 
module x ml, 

info: ******************** Executing Event R_Gl_module StateVarlmt ar time 

0.000000 

inkv *»^^*««*"**°»*'* Executing Event R_G1 _moduie:FinalUpdate_S_ at 
time 5,000000 
TCL> 5 
SME> 

The model now stops again, and another r command is required to continue. Let 
us run it till day 100: 

SME > r 100 

Now it stops and waits again. To quit, we Jo 

SME > X 

It is important ro ensure that Enter is pressed after each of these commands- 
Thi* is it. Now where are the results' Go to Ptojects/RJj I /Driver Output. Here, 
we might notice that two more tiles have been generated; 

GRASS.PTS.P_p_0 
RABBITS.PT$.P_p.1 

These tiles cannot be seen until we have quit the model run; they appear only 
after the X command has been issued- Now that we have exited 5MB , the hies should 
he there. These are simple timeseries, with output for GRASS and RABBITS respec- 
tively. The first column is the time, the second column is the value of the stare vari- 
able- One way to look at these results is to simply copy and paste the hies into Excel 
or another spreadsheet program We can draw the graph and see that, after a couple 
of oscillations, the GRASS population crashes followed hy the slow dying off of the 
RABBITS. This is not exactly what we would expect from a standard predator-prey 
mud el. Where are those nice population numbers, going up and down indefinitely ■ 

Of course, we were running the model with the first-order Euler method. That is 
a pretty rough approximation. Let us switch to a mure accurate numeric method We 
open the config tile and change to the fourth -order method: 

* GRASS P{0,Q] SIC4C) 

* RABBITS P{0,0) s(C4C] 

Note that previously we had s(ClC), now we have s(C4C). This does it. It we 
terun the model (SME run, then r 100), exit (X), go to the DriverOutput directory 
and paste the output files into Excel, then we will get what we wete expecting - nice 
lasting oscillations ol both variables, 

However, where are the spatial dynamics;' We could get all this in Stella without 
the trouble of setting up the model in SME. But how can we expect anything spatnl if 
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we have nor defined anything spatial in our model? So bu, we have simply replicated 
che Scella model. Now let us go spatial. First of all we will need some maps to describe 
rhe areas lor grass and rabbits. Suppose we choose che area shown in Figure 5.36. 

These days, the simplest way ro generate these maps is to use Arclnfo or ArcGIS, 
the monopolist on the CIS market. However, if we run GRASS, an open-source G1S 
(do not confuse with one of the variables in this model) chat will also work. Anyway, 
what we need to do is generate a simple ascii file that will first of all describe the 
study area in our model. This will have Is inside the study area and Os everywhere 
else. It may look like this in one of the formats that SME takes, i.e. the MaplI format: 



F ILETYPE=INTERCH ANGE 
ROVVS=62 
COLUMNS=6? 
CELLSIZ£=200 000000 
FORWAT=OEC 
INFO=°titn[ wsh n 

DATA^O oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo 
ooooooooooooooooooooooooooooooooooooooooocooooooooooooooooooooooooo 

0000000000000000000000000000000000011000000000000000000000000000000 
OQ000000000000000000000000000000000 1 1 100000000000000 1 10000000000000 
OOOOOOOOOOOOOOCCOOOOOOOOOOOOOOOOOOI 1 1 1 1 1000000000001 1 1 l 1 10000000000 

oooooooooooooooooooooooooooocooooi i i 1 i i 1 i 1 1110001 11 1 1 11 1111 10000000 

O0OOOO0O0O0O0OO0O0OOOOOO0O00O0O1 1 11 11 111 1 11111 1 1 1 11 1 1 1 1 1 1 1111000000 
OOOOOOOOOOOOOOOOOOOCOCOOOOOOOOC) 1 1 1 11 1 11 1 1111 1 111 1 11 1 11 111 110000000 
OOOOOOCOCOOOOOC000000000000000011 11 11 1111 11 1 1 1 111111 1 1 1 1 1 1 1O0O0O0O0 
000000000000000000000000000011 1 1 1 1111 1111 11 11111111 1 1 1 101 1 100000000 
O0OOOO0O0O0OOOC0O0OO0O0O0001 1 1 1 1 1 111 11111 1111 11 11 1 11 10000110000000G 
000000000000000000000000001 1 1 I 1 1 1 1 1 1 1 11 1 1 1 1 1 1 11 1 1 1 1 1 100000000000000 
000000000000000C00000000001 i 1 1 1 1 1 1 i 1 1 1 1 i 1 1 1 1 1 i 1 11 1 1 lOoooooooaoacaoG 
000000000000000000000000011 I 1 1 1 1 11 1 1 l 1 1 l 1 11 1 1 ■ 1 Ml 10000000000000000 
0000000000000000000000001 1 1 1 l 1 1 1 1 1 1 1 i 1 1 1 1 ) ) 1 1 '» 1 1 1 1 00000000000000000 
0000000000000000000000001 11 1 1 1 11 1 11 1 1 1 1 1 1 1 11 11 11 1 toooaoaoooaooooooo 

O00OOODO0O0O0OO0O0OOOOOOI 111(11 11 11 11 111111111111100000000000000000 
O0OOOODODO0OOOO0OOOOOOO-1 1 1 1 1 1 1 1 1 1 1 1 1 111 1 1 1 1 1 11 11 100000000000000000 
OOOCOOCOOOOOOOOOOOOCOCO! I l 1 1 1 1 1 1 1 1 1 1 1 1 11 1 1 I 1 111 11 100000000000000000 
OOOOOOOOOOOOOOOOOOOOODi 11 11 1 1 1 1 I 1 I 1 1 I 1 I 1 1 1 11 1 11 11 1 (ODOOOOOOOCOCOOOO 
O0OOCO0OOOOOO0O0O0ODO1 I 1 I 11 1 1 1 1 1 1 1 1 1 I 1 11 1 1 11 1 11 11 1 1 1000000000000000 
0000000000000000000011 11 1 11 1 1 1 1 1 1 1 1 1 (1 I I 1 1 1 1 1 1 1 M 1 11 lOOOOOOOOOOOOOO 
OOOO0O0O0O0OD0O0O01 111 111111111 1111111 11 11 111 1111111 I00OOO0O0OO0O00 
O0OO0O0O0ODO0001 11 11 111 111 11 1 11 11 11 1111 1111111111 111(10000000000000 
0000000000001101111111111111111)11111111111111111111111000000000000 
O0O0OOOO0O0Oll11111l1M11M111t1M11MM1l1l1l1lM111lMOOtOOOOaOOO 
OOO00O0OD1 1 1 I 111 111 1111 1111 111 ! I 1 tl l I 11 1 tlin 1111 t M I 1111 UOOOOOOOO 
00000000111111111111111)11111111111111111111', M1111111I1111110O0OOO 
0000000111111111111111111111111111111111111111111111111111') 1100000a 

1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 I l 
000O00OI1I1111111111111111M11I111111111111111111111I111I1111I1DODO 

00000001 II 1111 1111 111111111 1111111 1111111111111111111111111111 1DO0O 

oc 000 1 11 1 1 1 I 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ■ 1 1 1 1 1 1 00 
0000001111111111111111111111111111111111111111111111111111111111000 
000000111111111111111111111111111111111111111111111 i 111111111111000 
00D0001 11 111111 1 111111111111 11111111111111111 111111111111111 1111000 
00000011111111111111111111111 11111111 11111111 1111111111111111111O0O 
0000001111111 1 1 1 1 1 1 1 1 1 1 1 1 "' 1 1 1 1 1 1 1 1 1 1 1 11 11 11 111111111111 1111 111 10000 
0O0OO01l'111111lM11111lll1tli1l11111111ll1l1i1l1l11 11111 1 1 1 1 1 1 CO 
0D00G011111111M111I11M1MM1111111I11111111111111111M111M1O0O0O 
00D0O01ll1tl1ll1111tl1M11Mlllll1l111li11111l11111111Ml11M0O0OO0 
OOD000111I1111111111111I111M11 ; 111111111I111I111 1 11M1I11MIOOOOOO 
0000001111 nn 1111 11111111 111111 11 1111 111 1111111111111100001 I1O0OO0 
00000011111111I1111I11III111II1I1111M111111111111111I10O0000COOOO0 

0000001111111100111111 111 1111111111 1111 1111000001111111000000000000 
0000001 1 1 1 1 1 1000001111 11 I 1 111 11 I 1 I 1 1 1 1 1 1 1 1 1000000001000000000000000 
0000001 1 I 1 1 1 1000000011 I 1 1 1 1 11 11 I 111 11 1 1 1 1 1 1000000000000000000000000 
O0O0OO1 1 11 1 I0OOOO0O001 I 1 11111 11 I 1 11 11 11 1 110000000000000000000000000 
0000001 l 1 1 10000000000011 I 1 I 11 11 I 1 11 1 1 1 1 < 11O0OO0O0OC0O0O0O0OOOO0O0OO 

1 100000000000011 111 II 11 1 11 1 1 1 1 11 110000000000000000000000000 
OOOCOOOl 100000000000001 I 1 11 11 11 11 1 1 1 1 1 1 1 1 10000000000000000000000000 
0000000100000000000000111 1111 11 11 l 1 1 11 1 1 1OO0D00OOO00000000000O00000 
oooooooooooooooooooooooo* 1 1 11 1 1 1 1 1 1 1 1 1 1 i 100000000000000000000000000 
oooooooooooocoooooooooooi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100000000000000000000000000 
00000000000000000000000001 1 1 1 1 1 1 1 1 1 1 1 1 10000000000000000000000000000 
OOOO0O0O0O00O0OO0O0C0ODOO1 11 1 1 1 1 1 1001 100000000000000000000000000000 
000000000000000000000000001 1 1 1 1 100000000000000000000000000000000000 

000000000000000000000000000 1 I 1 0000000000000000000000000000000000000 
0000000000000000000000000001 110000000000000000000000000000000000000 
ooooooooooocoooooooooooooooci 10000000000000000000000000000000000000 
oooooooooooooooooooooooooooooocoooooooooooooooooooooooooooooooooooo 
oooooooooooooooooDooooooooooooooooooooooooooooooooooooooooooooooooo 

LABELS 
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Figure 5.36 



A map !hat defines the study area in SME 



This is very similai to the Arc Info ascii fonnat. Everything will be the same 
except for the fust header lines: 



nfC*s £7 

yilcomer 241834.36202*37 
census 30 
NODATA_*aiue -9995 

OOOODOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOaOOOOOOOOOOOOOOOO 
OD000G0D0OD0OD0OD0O00O03O00000300DO0aO0O00O00OC0O0QO00O0(]O0a000O000 
00000000000000000000000000000000000110000000.0 0000000000000000000000 
O0Q0000D0O00OD0OQ0O00O000000O00000O1 I '0O0QO00OOQG00O1 10000000000000 
O00O00O00O00O00O00O00O00O000O000001 1 1 11 1000003C0O001 1 1 1 1 10000000000 



The bottom line is chat it does nor matter what software is used, as long as we 
can ger our map files into one of these ascii forma rs. One thing to watch out for, 
especial I y when preparing da I a in Wmdiiw^, ls the EOL - £!nd of line - symbol It $ 
different in Windows Find Unix. Since SME i^ using Unix conventions, it is likely to 
choke when it has to read files with the "wrong" £QL symbol Try the dos2unix com- 
mand to convert the files - usually H comes with the. standard distribution of Unix or 
Linux, although it does not come with Darwin, the Mac OS-X Unix kernel. Luckily, 
on a Macintosh there are other ways to handle this. For example, BBEdic allows a 
choice or format for the text files. 

Now that we have the map, let us get it into the model As we remember, it is 
mostly the Cbffftg Hie that SME uses to link the model with the data. We define the 
model as spatial using the g() command: 

$ R_G1 .module g( A. /Docurrients/SME/Projects/R.G/Dai a/Maps/Area. arc, delault, 
/Docurnerts/Slv1E/Projects/R_G/Dat a/Maps/Area, a re) AUO.G) 

The long path /I>iCLiinents/SM£:/Project^/K_G /Data/Maps/ Area. arc points to 
the Area arc map thai ii the Arclnfo ssci-i format for the study area that we h;we 
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chosen. Now we have initialized the model as being spatial, hut have not identified 
any spatial variables all of them tire still treated as single numbers To dn that we can 
use another SME command - oi(). It is called "override initialization," and has two 
parameters. If the hi at parameter i,s positive, then the variable is assumed to be con- 
stant. It the second parameter is positive, then the variable us assumed to be spatially 
distributed So if we configure, say, GRASS as 

* GRASS siC4Q oi(0.1) 

we should get what we want - a spatially distributed variable- 
Next let us deal with the gmphic output. This is handled by the so-called 

Viewserver, which we now need to start up 

Let us add yet another command to the previous line; 

* GRASS DDO s{C4C)oH0J) 

The DD() command establishes a connection with the Viewserver - a very 
important piece of software used to display the results of spatial simulation. The 
Viewserver should be started using the command startup_viewserver. It is better to 
do it from a separate terminal window, since the Viewserver generates a long cum- 
mand line output th?t will clog the terminal that is being used to run SME. 

Let us also generate spatial output for the other model variable, RABBITS: 

* RABBITS DDO s(C40 

Note that in this case we do not even need to declare the variable as spatial. 
In the model it is dependent upon an already spatial variable (GRASS), so it will 
liecome spatial automatically. 

Once we have started the Viewserver and done another SME run, we can see that 
the Viewserver receives output from the running model and a new data set is added 
to the list on the left panel of the Viewserver. If we highlight one of the data sets 
and then choose a 2D animation viewer and click the ^Create" button, we will get an 
image of the map that is now dynamically changing as the variables change their val- 
ues across the whole area. You can watch how the Grass and Rabbits alternate their 
hiomasses, changing from minimal (blue) to maximal (red) numbers (Figure 537). 






Figure 5.37 



HA=j£]JLaEfi£fl Simple spatial dynamics when all cells are the same. 
A. Grass (max. 2.043, min. Q.3279I, B, Rabbits (max. 1.285, min Q 76421 
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Let us now make the model spatially heterogeneous, Sup[x:ise we have a spatially 
heterogeneous initial condition for the GRASS biomass, and that grass is nor uni- 
formly distributed but has different biomass in different Locations. We will initialize 
the GRASS variable with a map chat has different values in different cells. Let us use 
the map in Figure 5.38. 

Note that the spatial extend of this map Ls different from that of the map above 
That is OK. SME will crop rhis map to match it to rhc area defined above- by the 
study area map. How Jo we input this new map? Back to the config file. This time 
instead of defining the initial condition for GRASS as a constant parameter pm(2}, 
we will use j map: 

■ G_fN IT d(A7DocumftnT^SME/Projms/R_G/Data/rv1aps/eiorria^s arc, 
/Docurri€nt5/SME/Project5/R_G/Data/Mans/Afea,3rc) 

Again, we have to provide the full path to the map file that we want to use. There 
is actually a better way to do it using the Environment file. This hie should reside in the 
Data directory, and it contains all the paths that we may wish to use in the configura- 
tion files. For this model, we will put the following two lines into the Projects/R_G/ 
Data/ Environment hie: 

MAPS = /Documents/SME/Projects/R_G/Daia/Maps 

RMAP = ( €ocumems/SME/Proiects/R_G/Data/fv1aps/Area.a^c 

The first line defines the Maps directory, which we seem to he constantly refer- 
ring to. The other line is the full name of the reference map, or the study area map, 
which is used to crop all the other maps in the project- 
Now some of the lines in the configuration file can be much shorter: 

$ R_Gl_rruxlule g(A,$lRMAP},oefault.S{R!v1AP]) AL(0.01 
" GJNIT diAS{MAPS}/Biomess.arc,${RMAP}) 




Figure 5,38 



Another map used lo define spatially heterogeneous initial conditions for Gross 
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Moreover, the biomass map char wc used co initialize the model has values 
between and 61 . The initial condition thai Wfc used before was 2. It would be nice 
if wc could scale the map rn some values rhar would be ctfi&er ro rho^e we had origi- 
nally, and wc can use the SO command to do that. The syntax of this command is 
S{a,b), which means thai il x the input value then the result of this command is 
y - a*x 4 b. So finally if we use E he eunimand 

* GJNIT d(A,${MAPS}/B,omas£.arc t ${RMAPJ) SIMM + 00,1.0) 

rhis means that we wdl inpur the map horn the Biomass,arc tile, then each value will 
be multiplied by 0.0 1 and added to 1. That will be the result used in the simulai ions. 
Also note that we no longer need the oi(0,l) command, since we now hrnve the ini- 
tial condition that initialized the variable as a spatial one, which ensures that all the 
rest of the variables connected ro the spatial one will abo be spatial 

This is a lurk mart 1 interesting: now there are some spany! variations, and there 
are some differences in how various cells evolve (Figure 5.39). However, there is still 
no intei action between cells, and the renl spatial cuntext is not present. We simply 
have a whole bunch ot models running in sync* but they do not interact wuh each 
other. 

Making cells "talk 1 ' to each other is a little more complex than anything we have 
done so fjr. Whereas until now we have simply used some predefined commands, and 
rhe model vve hu il c m Stella, from now on if we are to define some meaningful spatial 
interaction we will need to do some programming. 

There are some modules that we can use in the Library of Hydro-Ecnlorrical 
Modules (LHEM - http://giee.uvm edu/LHEM); however, there are not too many 
things we can do with those pre-de signed modules 1 1 we really want to lie able to build 
complex spatial models, we will probably need to be capable of some level uf C+ + 
priiyriiimnin|tj. SMH supports so-called User Code and offers full access to us classes 
and methods, which can significantly help us in designing our own code for spatial 
dynamics. 

Suppose for the Rabbits & Crass model we wish to allow rabbits to move 
between cells in search of better ^raiin^ conditions We will assume that whenever 
rabbits hod th.it there is mote grass in rhc neighboring cell a certain proportion of 




A 




Figure 5.39 



BmilUiKffifcJ Spatial dynamics with no migration. 
A. Grass tmax T 1.490, rnin. 0.5), B. Rabbits (max. 1 142, mm. 861, 
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rabbits from the current cell will move to the cell with more grass. Let us write the 
cole that w[[j dt\scnht' T is. behavior of the predator: 

• -V 

^include "Rabbit. h" 

*• * *y 

void MoveRabbitst CVanable& Rabbits,, CVariab [ e& Grass, GVariablefii Rate ) 

// moves rabbits toward more grass, if them are less rabbits there 

// arguments come from MML,conf,g fi e. first arg is always variable being configured. 

{ 

Grid^Direction il; 
float fr, R_nnoved = 0., 

DisinbutedGnd& grid » Rabbits. GndO: 
grid.SetPointC | rder ; .ng(Q), 

// sets grid ordering to default ordering (row-col I (ordering #0} 

Rabbits. Link EdgesO; 
Grass Link Edges'); 

static CVanable* R_Flux = NULL; 
itiR_Flux = = NULL) 

R_Flux = Grass.GetSimilarVanable("R_Flux"); 
.// intermediate increment to Rabbits 
R.Flux- > Set&O); 

forf Pix p = grid firsti): p; grid next(p) ) 

( 

cons: OrderedPomtSi pt * gnd.GetPoin:(p); 
ff sets currenf Point 

if( ^rid.onG nd(pt) } continue; 

// (onGnd = = False) ■ > Ghost Pent 

f/oai g„max - GrassfpT); 
Pix p_max - p; 

// for each point calculate where is the msx Grass in the vicinity 

tori il = firstGDD; moreGDol); mcrGD(il) ) 

i 

II enum Grid_Direction (NE = 2. EE, SE. SS, SW. WW. NW, NNK 

Pix rp - grid NeiyhborPixl p p il I; 

// relative to pt, takes enum Gnd_D rection as arg 

iflrpl 
( 

const Ordered Points rpt - grid.GeiPomt'rp); 
if ( Grass(rpt) > y max ) 
I g_max = Grassirpt). 
p_max - rp r 

\ 

} 

} 
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const Ordered Pomt& pt_max = grid GetPoint(p_max); 
// sets curentPoint 

// if there is a cell in the vicinity where there is more Grass, then a 
// portion of Rabbits moves to that cell 
if ( g_max>Grass(pt) ) 
fr = { R3bbits(pt)>Rabbits(pt_max) ) ? 
(R3bbits(pt)-Rabbits(pt_max)} * Rate(pt) : 0; 

(*R_Flux)(pi_max) + - fr; 
(*FLFIux)(pt)- - fr: 
R_moved + = fr; 

}// end area loop 

Rabhits.AddDat8{*R_Flux), 

printf ("\ninfo: Rabbits moved - %f," R_moved); 

} 

So here we have only Rabbits moving horizontally from one cell to another in 
search of a better life. How do we tell SME that there is something new that the 
model wants to take into account? 

First, we go all the way back to the MML.config file that we can find in the 
Config directory. In this hie we add a command for Rabbits: 

* RABBITS UH Rabbit, MoveRabbits, GRASS, RATE) 

Here, Rabbit is the name of the file that contains the above C++ code. Actually 
its name is Rabbit. cc, and it resides in the UserCode directory. MoveRabbits is the 
name of the function in this file that we use. GRASS and RATE are two variables 
that are passed to this function. While GRASS has always been there, RATE is 
new. The way we get it into the config file is by modifying the Stella model and add- 
ing another variable. Once again, we have to export the equations and then do the 
"SME import'' command. Alternatively, we can modify the equation tile that we cre- 
ated earlier from Stella equations. We simply need to add one line: 

rate = 0.5 

and then we can also do this by hand in the R_Gl .MML.config file. Note, however, 
that this is somewhat risky, since it is very easy to forget about some of these small 
modifications of the equation, file, and there is no way we can import these modi- 
fications from the equations to the Stella model As a result, once we have finally 
decided that we wish to modify the Stella model for some other reason later on, most 
likely we will forget about these modifications. When taking the equations from 
Stella and creating a new equation file, we will lose all these previous changes. The 
model will suddenly perform quite contrary to expectations, and it will take a while 
to figure out why and to redo all the little updates. So while every now and then it 
seems very simple to modify just the equation file, actually it is much better if all the 
modifications are done directly to the Stella model. 

As we remember, whenever the equations or rhe MMLconfig file is changed we 
need to do the SME import command. Then we can do the SME build command, and 
update the config file to add the RATE parameter to it as well. Remember - either 
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it has to he done by hand, or the Kle can be renamed to u$e the R_GLSJ .conf.out 
instead- As a result, we get: 

* RATE pmfD,5) 

Are we ready to run* Almost, but there is still one gl Lech to fix. The variables 
that we have been passing m the newly denned function to move Rabbits are all 
assumed to be spatial. 

MoveHabbitst CVanaole& Habbits. CVanablefc Grass, CVauadle& Hale ) 

However, the RATt paramerer as we defined it above is a scalar. There is an 
easy fix. just ad J the override command 

* RATE pm(0 5) oi(0,1} 

and you will he back in the game. Alternatively, you could also define this parameter 
as a map: 

* HATE d(A.$[HMAP}.HRMAP}| S(.5e + 00,(10} 

Here we used rhe study area map to initialise this parameter, which, with this 
scaling factor, is identical to what we did above. However, this could be any map* 
which would probably be the only reasonable way to define this parameter if we 
wanted it to he spatially heterogeneous 

Alternatively, if we do not want this parameter to be spatial, we must not refer 
to it as if it were spatial in the code. Replace Rate(pt) for Rate Value(), Rate.ValueO 
is a scalar, it will not need to be initialized by a map or a spatial variable. It will take 
pramS). 

Finally, we are ready to bit the "SME run" command and watch something mov- 
ing across the landscape - rabbits hoping from one place to another, grass dying and 
regrowm^ back when the predators leave, arid soon (Figure i;40)- 

Certainly, this was not m easy as putting together a model in Stella, or even 
Simile However, for somebody comfortable with C+ + it would not be a big deal 
and actually may turn out to be simpler than learning the new forma I is in required for 
Simile. Once we are in rhe programming language mode, we have all the power we 




mSmfS^EAMM Spatial dynamics with migration towards the cells with higher density of Grass. 
Clusters of high density are formed when Rabbits from several cells jump into a ceil with higher Grass 
abundance. A. Grass {max 1 490, mm. Q-*) r B. Rabbits Imax. U42, mm. 0.86I 



Figure 5.40 
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need to treate any complex model. So in a wa\ t SMC may be t reared as a nice inter- 
face between Sec ll a and C4+ power model \ug. 



5.5 Conclusions 

A very simple model can produce an amazingly diverse collection of behavior put- 
terns. The (act that the predatur-prey model contains- tioLvLneancy makes ii a very 
exciting system to explore After many generations of mathematicians and modelers 
studying the system, it still every now and then produces some interesting results, 
especially if we add some detail in either the structural or the spatial interpretation. 
There are prohahly hundreds if not thousands of papers about the dynamics in such 
or similar two-species systems. 

What is always most intriguing about models is when we find some emergent 
properties that were not at all expected when we first looked at the system. For 
example, the fact that pure species interactions may produce persistent oscillations 
in population numbers could be hardly expected. With everything constant in the 
system, with no external forcings, no climatic or environmental conditions involved, 
wv still get variability in species populations 

Systems with linear functional response ate usually mote predictable. It is when 
we find feedbacks that have a non- linear effect in the system that we should expect 
surprises. These systems need especially careful analysis. They are also hardest to 
analyze analytically. 

Providing for spatial heterogeneity only adds to the list of surprises. Why would 
the spatial distribution make the predator-prey oscillation converge.' Why does it 
stabilize the system ■ How general can these conclusions lie? Does this mean that 
more diversity in the system also means more stability? How far can we go in this 
sort of generalization? 

These are all exciting question? that beg further research. 
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SUMMARY 

There are critical natural resources chat are essential for human survival, and water is 
certainly one of them. The dynamics of water, us quantity and quality mirror what is 
happening at the watershed, and can serve as an indicator of overall environmental 
quality. \X/e first consider various parts of the hydro logic cycle, and some of the dif- 
ferent: processes chat move water and that define its quality and quantity id different 
storages We then put these processes together into a unit model [hat can describe 
dynamics of water in a small, confined and spatially homogeneous plot or cell A vari- 
ety of temporal, spatial and structural scales and resolutions may be considered, is dic- 
tated by the goal of the modeling effort. We then present several ways in which water 
can be described over spatially heterogeneous area. The lumped modeling approach 
uses relatively large spatial compartments or hydrologic units, which are then con- 
nected over a stream network. In the f;nd-cell approach, loc.il dynamics are replicated 
across an array of grid cells that are driven by raster maps for variables and parameters 
If time is not important, it is better to focus on spatial aspects using a CIS approach. 



Keywords 

Excludable and rival resources, scoping model, rainfall, snow/ice, surface water, 
groundwater, unsaturated zone, infiltration, precipitation, Jultan day, evaporation. 
National Climatic Data Center, photoactive radiation, bi-flow, porosity, transpira- 
tion, percolation, field capacity, soil moisture, hydrauhc conductivity, soil types, 
Melaleuca, Delay function, TR 55, retention, curve number, surface roughness, hori- 
zontal water transport, vertical water transport, lumped models, hydrologic units 
HSPh; SWAT, grid-based models, 5ME, OlS-based models, storm water, ram barrel 
retention pond, ram garden, IIDAR, ArcOIS, watershed management. 

Water, energy and land are the three most crucial limiting resources on this planet. 
This makes it especially important to understand how the systems related to these 
resources operate, the most efficient ways to control the depletion of these resources, 
and how the resources can be restored if damaged. In this chapter, we start with water! 

Water is essential for life on this planet. The water content of a human body is 
about 60 percent. Humans can survive for more than 3 weeks without rood, but fnr only 
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3 days without water. There are some Mparts of longer survival times, up to as many 
as 7-8 days; however, irreversible damage CO the organism is most likely to Occur ear- 
lier; than chat, and in any case it will be [hirst rather than hunger that will kill firsc. 

Water is alsn required for other Organisms and plants to persist, [t is an impor- 
tant transport mechanism that delivers nutrients to the plants. At the same time, 
it provides a mechanism tor pollution reduction through dilution While most eccl- 
ogists wilt tell you [hat "pollution dilurum i§ not a solution,*' until recently it was 
probably the main - if not the only - way to remove toxins and waste from our envi- 
ronment. Or rarhtir to make them less roxic T since dilution ceitainly does not remove 
them In 2000, Fonme magazine predicted that water "will be to the 2 1st century 
what od was to the 20th" 

Note that as kin^ as we rely upon purely renewable water (as well as energy) t 
it is non -rival and non -excludable. That is. solar eneigv and lamfall are available, 
more or less uniformly, over vast territories Whoever is there has access to that water 
and energy We cannot prevent out neighbor from having equal access to sunshine 
or rainfall, or collecting it in some way We cannot exclude someone from usmg it, 
and since there is no rivalry if makes no sense to al tempt to do so. Certainly there 
may be geographical differences- We know that there is very much more water in the 
Pacific North West than in the Sahara, but these are regional distinctions. Locally; 
everybody in the Pacific North West still has equal access to rainlall and sunshine ( 
just as everybody in the Sahara has equal access to the rainfall and sunshine there. 
However, as soon as we need to dip into reserves, into fossil water or energy, or even 
into the temporary reserves (lakes, reservoirs, or foiest and crop btomass), immedi- 
ately the resources become excludable and rival (Daly and Farley, 2004). We can put 
a fence around a reservoir, piivarize a forest, or outlaw pumping water from under- 
ground - like Israel did in Palestine- This changes the whole political landscape, and 
requires different types of management, As tesources become scarcer and we dip into 
stocks, we are creating potential for conflict si mar it ins (water and energy wars) 

Let us consider some simple models related to the water cycle, and figure out 
how they can be used to increase our understanding of what is happening with water 



6.1 Modeling as a hydrology primer 

As in other models, we should first decide on the spatial and temporal scales that are 
to be used in our hydrolojjic model. At varying tempor.il scales processes look fairly 
different Consider a major rainfall event when, say, during a thunderstorm there is a 
downpour that brings I Ocm of rain in I hour, then the storm moves away and there 
is no more rain over the next 23 hours. 

If we assume a 1 -minute time-step in our model, we will need to take into 
account the accumulation of water on the surface, its gradual infiltration into the 
sod, and the removal of water by overland flow. If we look more deeply into the 
unsaturated layer, we can see how the front of moisture produced by the infiltrating 
mm will be moving downwards through the layer of soil, eventually reaching the 
saturated layer. After the ram stops, in a while all the surface water will be removed, 
either by overland flows or by infiltration. A new equilibrium wilt be reached in the 
unsaturated layer, with some of the water accumulating on top of the saturated layer 
and effectively causing its level to rise somewhat, and the rest of the water staying in 
the unsaturated layer, increasing the moisture content of soil. 



ater 199 



Now suppose rhat rhe model time-step ts I day. The picture will he totally dif- 
ferent. In 1 day we will see no surface water at, all, except in rivers or streams, In 
orher parts of rhe landscape, rhe water will already have either £or inro the soil or 
run downhill to a nearby stream or pond. Tht- unsaturated layer will nut show any 
water-fronr propagation, ir will have already equilibrated at the new state of moisture 
content and groundwater level. The processes look quite different in rhe model. And 
we probably already needed ru know something about rhe hydro logic processes in 
our system to figure all this our. 

Similarly, the spatial resolution is important, [f all rhe variables are average:* over 
a certain area T then within rhts area wc do not distinguish any variability, and the 
amounts o' surface water, snow/ice, II maturated and saturated water are cori&ideretj to 
be the same If we are looking at a Ucrr cell this does not cause any problem, and it 
i5 easy to imagine how to measure and track rhese var tables. However, il we are con- 
sidering a much Larger area - say I krrr - then within a single cell we may find hills, 
depre^si on s rivers Find ravines. The geology and soils may he also quite different, and 
need to be averaged across the landscape U'e may he able to crack many more proc- 
esses, bur the model cost will increase accordingly as we will need far more data and 
greater computer power to deal with these spatially detailed models. 

For the first iteration of u\ir modeling process, let us assume that the area of 
interest is a small watershed with Quite uniform geo-morphoiogicnl conditions, with 
more or If .ss homogeneous soils, and let us suppose that we wish to figure out rhe 
amount of water that drams off this watershed into the river downstream, With this 
goal in mind, we can probably consider the system using a daily time-step - at least 
as a first iteration. A simp I tried conceptual model of hydrolo^ic processes for this sys- 
tem is presented in Figure 6 1 This diagram is only the tip of [he iceberg, with a lor 
of fairly complex processes that may he further described in much more detail Ac 
this point, it is important to decide on the most important fea tines of the system that 
need be considered. 

We chose rhe following four variables for this general modi- 1: 

1. SURFACE WATER - water on the surface of rhe land On most cases it is in 
rivers, creeks, ponds and depressions). 

2. SNOW/ICE - m freeing temperatures surface water becomes ice, which then 
melts as temperature rises above C°C 

3. UNSATURATED WATER - the amount fti water in rhe unsaturated layer of 
ground. Imagine che ground as a sponge; when we pour water onto it the sponge 
will hold a Certain amount before it start* dripping. All rhe time water can still be 
poured onto and held by the sponge, it is in the unsaturated condition. 

4. SATURATED WATER - the amount of water tn the saturated ground Once the 
sponge can no longer hold additional water, it becomes saturated. As with surface 
warer, if we add Wdter to the saturated zone, its level increases- 

These variable* are connected by a variety of processes that we a ho need to under- 
stand in order to build a meaningful model. When working un complex models, it 
helps considerably if we split the whole system into components, or modules, and 
develop some simplified models for rhese modules. U is very likely that some modi- 
fications will be needed when pulling all the modules together again; however, as 
previously discussed, it is so much easier to deal with a simplified model than to get 
lost in the jungle ot a spaghetti diagram of a complex model with numerous processes 
and interactions, and no clear understanding of what affects what 
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UE£mf=KiBLl ^ once P tual mooel of unit hydrology. 

Note that this diagram describes certain processes as if they were spatially distributed wiih a horizontal 
dimension present (runoff "moves" water from rainfall to a pond, saturated water also movesl. In tact, when 
we run the model we assume that all these variables are uniformly distributed over the whole area and are 
represented by "point" quantities or concentrations. 



Modeling is truly an iterative orocess As stated many times before, we want to know The 
spatial and ie moors! scales before we start building the model. But how do we figure thorn 
out if we have onty a vague idea about the system ? Whai are the processes involved? At 
what trnes are they important, and do we want to include them at aH ? Of perhaps there are 
some other important processes mat we a r e simply unaware of 

Indeed, there is no prescribed sequence of events Perhaps you want to start with a so- 
called scooing mode " - 3 model that would put together whatever you already know about 
l he system in a ratner qualitative format, omitting al' the details thai a'e not clear, outlining 
the system m general and the processes that we think are important. This you can start dis- 
cussing with colleagues and witn potential future users of the model. These users are the 
ones who formulated the initial goal of the study, so they are most likely 10 know something 
about the system. Start talking to them or, even better, engage them in a oamciodtory mod- 
eling process- something we will be discussing m a lot more detail in Chapter 9, 

In any case, do not think that there is anything final in your decisions aoojt the scales 
and processes There will always be a reason and a chance to come back and make .mprove- 
menis. That «s the beauty of computer models: they exist in virtual reality, to build them you 
do not have to have something cut. ploughed, extracted or destroyed, and you can easily 
modify or refocus then d necessary 



Water on the surface 

The surface mter variable is used to model water on the surface of the land. If we are 
looking at an area with no sceep gradients and fairly high potential rainfall (for exam- 
pie, the Florida Everglades 01 other wetkods), then surface water can accumulate 
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in significant amounts before it is absorbed by the soil. In this case it "is necessary to 
consider the process that connects the accumulated surface water and the underlying 
unsaturated layer. This process is known as mfiltmuon. In most terrestrial areas with 
steeper slopes, most of the surface water will drain oft into rivers, creeks, ponds and 
depressions in which it will accumulate over a layer of saturated water. Therefore, there 
will be no infiltration. Instead, there will be an exchange process between the surface 
water and the saturated layer. 

It is hard ro isolate a unit of surface warer without connecting it with the sur- 
rounding neighborhood. Much uf me surface -water transport is due to hunzt in ta! 
fluxes, and therefore a box -model approach will be only approximate when modeling 
surface -water dynamics. However, with appropriate spatial and temporal scaling we 
can think of sin aggregated unit model Co represent surlace water in a homnge-ne- 
ous unit cell, assuming that we are modeling the total amount of water over a large 
enough area and one that can somehow be isolated from the other territories. This 
can be a small watershed, or an agricultural held, for which we can monitor the 
inflows and outflows. A simple conceptual model can be described as in Figure 6.2. 
There are two major processes involved: pi 'capitation and in/if ration 

PreeipiCdiicm is probably the process that is intuitively must obvious. We dual 
with precipitation in our everyday lives when we decide whether we might need an 
umbrella on going out for the day. The amount of precipitation is what we are con- 
cerned with when building a hydro logic model. It is also important to know in what 
form (liquid nr solid - rain or snow) the precipitation will arrive. Precipitation is 
recorded, by most of the meteorological stations, in millimeters or inches per day A 
sample diiLi sheet for precipitation registered at Baltimore Washington Airport, MD 
m 1996 is shown in Figure 6.3. 

In Figure 6.3 (10 T stands for tmces, which means that the precipitation was 
recorded at levels below measurement accuracy in many cases it is possible to 
find meteorological data for a specific area at the National Climatic Data Center 
(NCDC: http://www.ncdc.noaa.gov/) For example, on entering this site and choos- 
ing Maryland, then the station at Baltimore Washington Airport, the relevant data 
can be round. A graphic can also be generated lor a table such as that reproduced 
here. The data can be downloaded m numeric format to use in a model. Temperature 
is Important for us to decide whether the precipitation is rain or snow. The Snow/Ice 
model below describes this process. 

Infifaatian is the process by which water from the surface is taken into the 
ground by meant of gravitational and capillary forces. The rate of mri Ural ion defines 
how much water will be left on the surface to contribute to the rapid runoff, and how 
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Precipitation data at Baltimore Airport in Maryland (USA) 
Notice the treacherous inches/day used as a unit in this data set. 
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A bare-bones Stella model for local surface hydrology, and output from trus model 



much will go into the ground anil then crave! slowly through the porous media. We 
wi\\ consider infiltration in more detail below, when discuaing the unsaturated water 

.storage, 

A Stella model chat correspond* to this conceptual model of .surface hydro!- 
( ,„¥ is presented in Figure 6.4. We have only one stock and two flow, and no 



feedbacks. En this case we assume rhar rhe surface warer is delivered by rain and rhen 
gradually infiltrates inro the ground The rainfall is fast, whereas infiltration is slow. 
However, rainfall occur* only sometimes, whereas infiltration is continuous. The 
equations are: 



Surface_Waterltl = Surface_Water(t - dt) + (Ramfail - Infiltration) * dt 
IN IT Surface AVaier -=0.01 

DOCUMENT; The surface water is assumed to be a function of two processes. Rapid rainfall 
provides Surface water, which then gradually infiltrates into the ground. 

Rainfall = Precipitation "0 0254 

DOCUMENT: Converting rainfall i.ri inches/day to m/rjay 
Infiltration = 01 

DOCUMENT Infiltration rate (m/day) In reality thus rate depends upon soil character-sties, 
habstat type, slope pattern of rainfall. 

DayJul = moditime-1,365) + 1 

DOCUMENT Julian day, 1 thru 355 This js a Counier thai resets the day to zero after 365 
iterations Needed to use the same graph function for several years of model runs. 

Precipitation = GRAPH ( DayJul ) 

(1.00, 02), (2.00, 0.3^), (3,00, 0.00}. (4 00,. 07}, (5 00, 00). (6.00, IS), [700. 46). 



(354, 00), (355, O.0OI, (356, 0.15.1. 1357 00}. (358, 00). (359. 00). (360, 02}, (361 
GO). (362. 0,001. (363. 00}. "364, 0Oi. <365, 0.00! 
DOCUMENT; Rainfall from Beltsville. MD 1969 {inMl 



Note a few interesting features here, which may he helpful in other models First, 
notice the units. We have put together the model in meters and days, as would nor- 
mally be the case in science. However, the data came from a US meteorological sta- 
tion where they still use inches for measure men ts. Therefore, we need the converter 

Rainfall = Precipitation * 0.0254 



Mutd the u+uij. They can keif t&stymw 
modei-jvy cm^hfLcy. Dc wjft reiy ok the. 
iutf&autftc utut tketfa affzrtJ. by 

iyvttw (wHer tf ym truck tke wUts yowt-eif. 



where we use the conversion factor 
1 inch = 0.0254 m. It is extremely 
important to make sure that all units 
are consistent throughout the model- 
While Stella offers some background 
functionality to help track the units, 
it is really in your hest interest to 
make sure that you aie always aware 
of rhe unit? in each parameter and process and ascertain that the units match, both 
in rime arid space The more involved you are in the model structure and foi muta- 
tion and the less you rely on some of rhe built-in automatic features, the more you 
will learn a knit rhe system and the better you understand it. 

Another tnck i* the introduction of the DayJuL variable, which is the Julian 
day calculator. The data we have from the station are for only 365 days. In Stella, 
once the data in a Graphic function are exhausted, the very last value is taken and 
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Ending a station that is located close Co the site bung mod tie J. 1c is most problematic 
to obtain data on solar radiation {also known as photoactive radiation - PAR) For 
some reason it is not one of the standard observations, and direct measurements are 
rare. Therefore, in our model we will estimate solar radiation based on the latitude of 
3 site and the generally available information about precipitation. All these factors arc 
put together to estimate evaporation in a simple model in Figure 6.6. The correspond- 
ing equations are as follows: 



A= 720 52-6 6S*LalDeg 

Air jemp_degC = {(Air_iemp_clegF-32)*5/9 - Air_temp_minC)/2 
Air_temp_mmC - (Air_temp_nninF-32)*5/9 
B = 105 94 , (LatDeg-1748)*0 27 
C = 175-3 6*LatDeg 

cloudy = if Precipitation > then maxi0.10-l 155' (vap_press/( Precipitation* 25 4*30)) A 5] else 

C'LfaCTOr = 0.15 

DayJuJ = mod(lime-DT..365) + 1 

EvapJVl = EvapBeir 0.0254 

Hyd_evap_calc = ♦Hyd_evap_rc*SolRadGr/585*pan_CW 4 pan_CT»pan_CH 
LatDeg = 39 

pan.CH = 1.035 + O.24O*(Humidity/601 A 2-O 275*(Humidity/60> A 3 

pan.CT = 0.463 + 0.425 MAir_Temp_tiegC/20) + 112 # (AirJernp_degC/20y*2 

pan_CW = 672 + G 406*(Wind/6 7) + 078*(Wind/6 7) A 2 

SolRad = A + E"COS(Tl + C\S;INI'T) A 2 

SoiRadGr - max(0, SolRad M1-CUactor*cioudy]} 

T = 2/365' Pr(DayJul-l 73) 

vap_press = Hurnidity*6 1078* EXP(17 269* Air jemp_degC/[Airjernp,degC + 237.315 
Wind - Wmd_speed* 1.852/24 
• Hyd_evap_rc = 0.0028 
Air_temp_degF = GRAPH [DayJul} 

[1 00 r 44 0). 12,00. 42.0), (3.00, 51.0), (4.00 r 42.0), {5.00, 38,0), (6.00, 43,0). (700, 44.0).. . 
Air_temp_minF = GRAPH (DayJul) 

(1.00 r 19,0), (2 00, 21.0), <3 00. 22.0), (4.00, 26.0}, (5.00, 19.0), {6.00, 21 0). (700. 32 0).. . 
EvapBelt - GRAPH (DayJul) 

{0 00, 0.00), {1.00. 0,00), (2. 00, 0.00), {3 00, 0.00), (4.00, 0.00). (5.00. 0.00), (6.00, 0.00},... 
Humidity = GRAPH (DayJul) 

(1 00. 670), 12.00, 71.0), (3,00, 69.0), (4.00, 50.01. (5.00, 65 0), (6.00, 86 0). (7.00, 90 0},.. 
Precipitation = GRAPH (DayJul) 

(1 00. 0.00). (2.00, 0.00}, (3.00, 0.00), (4.00, 00). (5.00, 0.00), (6.00, 0.05), (7.00, 0.41),... 
W-.nd^speed = GRAPH (DayJul) 

EUHX 129), (2,00, 113), {3.00, 1481, (4.00, 160). (5.00. 102), (6.00, 66.0), (7.00, 179)... 



The climaric data are entered as graphs to represent the time series downloaded 
from [he NCDC website Xou> that in rhis model we do not have any state varia- 
bles; we only reproduce some empirical relationships that correlate evaporation with 
known data. We do not really need to use Stella; all this could he done in a spread- 
sheet program such as Excel or Open Ofnce, However, in this case Stella is useful to 
describe the cause-effect links that aie important to estimate evaporation. The model 
is based on an empirical relationship by Chnst iansen (see Saxion and McOutrmcss, 
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Figure 6.6 



in Excel. 



Srella mode! for evaporation, With no state variables this could easily be a spreadsheet 
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Figure 6,7 



Goodness of fit for evaporation. 
Comparison of mode! results with available data for evaporation for Beltsville r MD, 1991 



1982). The solar radiatinn is estimated by a simplified version ol an algorithm devel 
oped by Nikotov and Zellcr ( 1992). We can compare the results of this analysis vykh 
existing measurements of evaporation to see how well the model works (Figure 6,7). 

There is 3 lot nt v,ui ability in evaporation caused by the differences in climatic datii. 
In the model we have mjiia]>e«i to obtain a yi*xl estimate of the general trend, but have 
failed co reproduce all che changes in evaporation The data for wind speed, precipitation 



■ mm* 

ystems Science and Modeling for Ecological Economics 



1 2 00 

2 45000 

3 100 00 



1 Precipitator 2 Wind speed 



3: Humidity 




1: 1.00 
2: 50.00 
3: 30.00 



365.00 



Figure 6.8 



Variability ol climatic data 

Data measured at Beltsville, MD, meteorologicaE station in 1991 There is hardly any seasonal pattern in the 
data for rainfall, humidity and wind. 
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Figure 6.9 



Estimated solar radiation lor Beltsvilie, MD, 1991 (Latitude 39°). 



and humidity show significant van a hi I uy (Figure 68) The model of scalar radiation also 
shows significant variability caused by the cloudiness effect (Figure 6.9) The basic bell- 
shaped ire iid for radiation thai is defined hy the Uititude of the site is smooth. Added 
to it is the stochastic pattern of climate that generates the cloudiness in our model. 

Also note that ibu; model can be formulated as a pre- processor that is run to 
generate the missing time series to run the full model. There are no feedbacks that 
would point into this module from anywhere else. The only purpose is to generate 
the missing time series for PAR based on the existing climatic time series and the 
latitude/longitude of the site we me modeling. We may want to run this model only 
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pare of that model, The accompanying Stella model is shown in Figure 6.1 1 We wil 
want ro supplement rhe equations above with the following: 



Snow Iced) = Snowlceit - eft) + (Freeze + Snowfall) ■ dt 
INIT Snowlce - 

DOCUMENT: The amouni of snow and ice en The surface (ml 
Freeze = if Temperature < then SurfaceJ/Vater/DT else -Melt 

DOCUMENT: Freezing/melting of water/snow Formulated as a b if low When temperature i$ 
above 0°C snow (if available) is melting at a constant rate. Otherwise water is freezing. All avail- 
able water is assumed to freeze immediately. 

Snowfall - if Temperature < - then Precip"tation*0 0254 else 

DOCUMENT: Snow accumulation from precipitation; use 0.0254 to transfer inches into m. 
Melt = 0.01 

DOCUMENT: How much snow can melt per day (m/d) 
Temperature = 25 # SIN(DayJul*PI/130/2) A 2-S 4 RANDQMf-3,3] 

DOCUMENT Temperature (°C) is modeled by a combination of the SIN function and the 
RANDOM function. The amplitude of the SIN is ncreased to 25. Power 2 is used to make it 
always positive. The DayJur PI/1 80/2 conversion is used to switch to radians and stretch the SIN 
period over the whole year -5 is the lowest temperature generated All temperatures are modi- 
tied bv a random value between -3 and 3 



Nonce here that we are using a so-colled hi -flow to describe die conversion 
of u-Bter into ice and baclc - the "Freeze" flow- Stella allows only positive flows. 
Whenever a How becomes negative, it is clamped ro zero. Sometimes this is a use- 
ful feature, but it can cause a lot of confusion if it is forgotten. If it is clear chat the 
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BST^^^-MB ■ ■ :ella model with snow/ice formation added. 
One important process, called sublimation, is missing from this model. This is not important in warm climates, 
when snow does not stay on the ground far long periods of time. 



Figure 6.1 1 



Water 21 1 



flow ss supposed to he negative sometimes, it L& important tu ensure that 
It is described as a hi -flow by clicking un the radio hut inn tic the top of the flow 
dialogue bnx 

Another feature co note here is instantaneous conversion of all available surface 
water into snow or ice whenever the teiriperatLireii fall below zero. Remember why 
we divide SuHace_Water/D~n Also note the effort made to provide proper doci> 
me near, ion directly >n the body of the model This can save a ^rcat deal of trouble 
later oti, when we return to your model after a period of rune and Atv trying to fig? 
ure our once a^ain wh;it an equation was for and why a particubir parameter looks 
so wend. 

Also nonce that tempera- 
ture is described as a formula in 
a similar way to chat described 
in Chapter L While the formula 
Li iti me what different, the result 
b quite the same: cycles of warm 
and cold temperature over a 365- 
day period with some random 
noise imposed on top of them. 
Which of the two formulas is bet- 
ter Mt is really hard to say. 

The model results are shown in Figure 6.12. We can see that surface water i& 
delivered by ram and then gradually infiltrates into the ground It will free:e into 
snow/ice when the lemperature is below Q°C P and under freezing conditions precip- 
itation also arrives as ^now. We observe a rapid accumulation of snow during the 
early, cold months of the year. Later on snow/ice disappears, and the dynamics are 
similar to those generated by the surface water dynamics model. Towards the end of 
the year there are y^ain freezing temperatures, and thus some snow/ ice is produced. 
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■ rffTrT EgsHi^M Qutpu* from the snow/ice model. 
Snow/ire is present only during ibe first few cold months and then quickly disappears. More snow appears at 
the end of the year when the temperature drops below zero 



Figure 6.12 
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Water in trie unsaturated layer 
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The factors chat influence infiltration may be grouped mto three categories 
(Figure 6-I4): 

1 . Those related tn dtmacie conditions. The amount of water infiltrated depends upon 
the duration and intensity of rainfall- A 24-hour drizde can be entirely accommo- 
dated hy the soil whereas the same amount of water received during a 20- minute 
downpour will most probably end up ui the surface- water runoff. Temperature also 
matters. When the ground is frozen, the intensity of infiltration is reduced. 

2. Those related to surface characteristics. Land use rind land cover translate into the 
lrnpeiviousness of the surface. A parking lot will leave little water to inril trace, 
whereas a forest may capture the entire amount of water arriving. On the other 
hand, forests can intercept the incoming rainfall with leaves and trees in such a 
way that a certain portion of the incoming water never reaches the ground This 
moisture is only exposed to evaporation. Slope also matters. In a flat area there is 
more time lor water to enter the ground, while on a Kill it starts traveling down- 
wards along the surface as soon as it hits the ground. 

3. Those related to sod characteristics. Sand is an excellent medium for mhltranon. 
On the contrary, clay can block almost all infiltration. Moreover, if the soil is 
already saturated with water (the soil moisture content is high) there will be little 
space left in the pores for additional water to infiltrate. 

A typical infiltration event evolves in both space and tune (Figure 6.15). As the 
ramtali starts, some water begins to seep into the ground, gradually increasing the soil 
water content {curves 1-3) at the top of the soil layer. As mote water comes with the 
ram it keeps entering the soil pores. The gravitation removes some water from the 
top layers and makes it travel further deeper into the ground If [his vertical move- 
ment is fast enough to free up space on the top for the additional incoming water, 
then all the ram ls absorbed. If the soil characteristics do nor allow water to travel fast 
enough through the soil then the pores on the top are all filled (curve 4-6) and the 
additional water will be left on the surface to travel with overland flows. This is when 
ponding may occur. The wave of saturated water propagates downwards through the 
soil Once the rain stops, the pores at the top start to dry nut and get ready to accom- 
modate a new rainfall event 

Loss of water from the unsaturated layer cx:curs hy transpiration (upwards) and 
percolation {down wards). Trons/fimf ion is a process that removes water from the soil 
and transfers it as water vapor into the atmosphere - just as in evaporation. The 
major difference is that in transpiration plants are responsible for water Transport . 
They suck moisture from the soil with their roots, move it up into the canopy and 
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Figure 6.1 5 



Propagation of a waler front 
through the unsaturated layer during a rainfall event- 
Note that this simple model does not describe the 
spatial dynamics in the vertical. See how the amount 
of water in unsaturated storage (uJ changes as a 
function of depth (hi. Curve 1, start of a rainfall event; 
curves 2-4, increase of unsaturated moisture until 
saturation is reached, curves 5-6, propagation of the 
saturation front downwards, curve 7, end ol rainfalJ 
event, dryout from top. 




Figure 6.1 6 



soil is saturated. 



How water travels through porous media. When all the pores are filled with water. 



then release it into the air through then leaves. As a result, there is more water 
available rot transpiration than there is for evaporation — which only picks up mois- 
ture from the surface and the very few centimeters towards, the surface of the soil. 
Transpiration can access water as Jeep as the roots extend. So transpiration is a func- 
tion of the plant biomass which can change over the Simulation period. 

Percolation is the process by which water from the ansa turn ted storage enters the 
saturated layer by means of gravitational and capillary forces. Soil consists of material 
particles with air in between (Figure 6,16), and these voids or pores can potentially 
he filled hy water When all the pores are filled the soil is referred to as satu rated, 
ar.d vert.cal movement of water is very much slowed down. While the pores are not 
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A simple Stella model for water in unsaturated layer 



horn 1 m/d in sandy soils to 1 inm/d in clay. The percolation rate is also affected by 
the soil moisture content; p - /(U)h c . The- more moisture there is in the scul, the 
higher the rate of pei eolation Lf' U < F/P, the moisture Ls at field capacity and perco- 
lation is G. ]t tends to 1 when U approaches I. 

As the ^acer percolates downwards, it add* to the amount of water already 
present in the unsaturated storage. It takes only P -U water to f II in the unsaturated 
storage so that it becomes saturated. 

The Stella model for water in unsaturated layer is presented in Figure 618. The 
corresponding equations are as follows: 



Unsat_Depthi.il = Unsat_Depth(t - dt) + (UD_plus - UDjnmus} * dt 
INIT Unsa1J>ep]h = 1 2 
UD_plus = Trans pi rat ion/Porositv 

DOCUMENT Unsaturated depth is increased by the effect of transpiration, which removes 
water from the saturated layer and can make it unsaturated (m/dayi NB. Note how porosity 
comes into play. Why do we do that? 

UD_minus = if <Unsat JA/ater> = Unsa1_Depth* Porosity! then Unsat_Depth/DT else Percolation/ 
Porosity 

DOCUMENT: Unsaturaied depth is decreased due to the percolation (m/d) of water from the 
unsaturated zone to the saturated, which raises the water table !f the amount of unsaiufated 
water exceeds the potential unsaturated capacity (Unsat^Water> « UnsatJDepth *Porosi1y), 
this means thai no unsaturated layer can remain, al! soil becomes saturated, unsaturated depth 
becomes zero. 

Unsat_Waterlti - Unsat_Water(t - dt) + I Infiltration - Percolation - Transpiration} * eft 
INIT Unsat_ Water = U 

DOCUMENT Amount of water in the unsaturated layer measured as height of water column if 
"squeezed" from the SQi\ (m}. 

Infiltration = m,ni,!nfiJi_rate. Precipitation*0. 0254, Porosity * Unsat_Depth-Unsat _ Water) 
DOCUMENT: The amount of water infiltrated is the minimum of infiltration rate, the amount of 
p<ec<pttation ave liable ;0 0254 converts mcnes to m) t and the unsaturated capacity (m/d) The 



217 



Water 



unsaturated capacity is the poierma! capacity (the volume of pores in the sotl) minus Unsar_ 

Water ithe space already occupied! 

Perco'aiion = if LJn$3t_Deplh = ihen Un$at_Water/DT 

else if Unsst_Waier< - Field_cap , 'Unsa1_Depth then 

else Perc.rate 

DOCUMENT Percolation flow (m/d). The amount of water removed by gravity from the unsatu- 
rated layer This process can remove only water m excess of field capacity- 
Transpiration - NPP*Transp_rate 
DOCUMENT: The transpiration flow fm./day] 

Day Jul - mod (time- 1,3(55} + 1 
DOCUMENT; Julian day, 1 thru 365 

This is a counter that resets the day to zero after 365 iterations. Needed to use the same graph 
Unction for several years of model runs. 
Field_cap = 0.13 

DOCUMENT The amount of moisture in soul that is in equilibrium with gravitational forces 

fdimiess) 

lnfilt._rar.fi - 0.5 

DOCUMENT: Rate of infiltration - the amount of water (mi that can be moved nto the unsatu- 
rated layer from the surface 

Perc_rate = 0,01 

DOCUMENT Rate $i water removal by gravitation (m/day) Depends upon soil characteristics 
Porosity = 0.35 

DOCUMENT Proportion of pores in the soil They can be potentially filled with water (dtmless) 
Transp_rate = 005 

DOCUMENT The amount of water thai piams can remove from soil by the sucking action of 
their roots (m of water/kg biomass*rrr/d) 
|\jpp = GRAPH [DayJull 

(0.00, 0,00), 133,2, 0.00), (66 4, 0.00), (99 5, 04). M33, 4i. {166, 0.925), (199, 0,375}, (232, 
0.995). {265, 0-9851 (299. 855). (332, 105}, (365. 0.00) 
DOCUMENT An estimate of plant growth over the year (kg/rrr 2 ) 

Precipitation = GRAPH (DayJuD 

(1.00, 0.02), (2.00, 0.34), (3.00, 0.00). (4,00, 0.07], (5.00, 0,00). (6.00, 18), (700, 0,45), 

(354, 0.00), (355, 0.00), (356., 0.00), (357 0.00), (358, 0.00), (359, 0.00), (360, 0.02), {361, 0.00), 
(362, 0.00), (363, O.00K (364, 0.00), (365, 0.00) 
DOCUMENT: Rainfall from Beltsville, MD 1969. <m/d) 



In this model wc reproduce the dynamics that may be observed in a wetland 
that gets flooded during the wet season and dries out during the dry period. The veg- 
etation th;it is removing significant amounts of waier by transpiration controls the 
state of the wetland. The resulting dynamics of unsaturated water and unsaturated 
depth are shown in Figure 6 19. When the transpiration race is 0.C05 ro/kg m ; /d, 
the plants can remove almost all the water and keep the area dry tor most of che 
year. When the transpiration rate declines to 0.C03, there is a succession of wet and 
dry periods. Certain species are known to he more effective in sucking the water nut 
of the sod (e.fl. Melaleuca quinqutriervia - the Australian cajeput, which sometimes 
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Water in the saturated layer 
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Figure 6.22 



Calvert Cliffs in Maryland, 

The layer of clay underlies the unsaturated iayer. Clay has very low permeability, and water travels horizontally 
on top until it reaches the shore of Chesapeake Bay, Note the dry unsaturated layers on top of the wet saturated 
layers below. 
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Stella model 'or water in saturated layer. 
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saturated and unsaturated zones moves and the two scorages become closely related. 
What was previously the saturated zone may turn to be unsaturated, and vice versa. 
The model equations are as follows: 



Sat_Water(t} = S3t_Water(t - eft) + (Percolation^ - Recharge - TranspJSst) * dt 
INtT Sat_Water - 4 

DOCUMENT Amount of water in the saturated layer, measuied in m from some base datum 
Percclation& = if Unsat_Depth > then 

W Unsat_Water< = Field_cap*Unsat_Depth then else Perc_rate) + 
Of Unsat_De!ta > then UnsatJ/vater*Unsat_Delta/Unsat_Depth/DT 
else Unsat_Delta*Pcrosity/DT) 
else Unsat_Water/DT 

DOCUMENT: Percolation flow (m/d) + ihe compensation for the change in the water table height 
First term is percolation, the amount of water removed by gravity from the unsaturated layer This 
process can remove only water in excess of field capacity. Second term tells how much water 
was added to (or removed from - hence the biflow) the unsaturated zone when water table 
went down (up). 

Recharge = Seepage*$at_Water 

DOCUMENT: Loss of saturated water to deeper aquifers (m/d) 
Transp_Sat = Transp_Unsat 

DOCUMENT: Assuming that transpiration from the saturated layer occurs at a rate equal to that 
from the unsaturated layer 

Unsat_Water(t) - UnsaMA/ater(t - dt) + (Infiltration - Percolation^ - Transp_Unsat) * dt 
INIT Unsat_Water = 3 

DOCUMENT Amount of water in the unsaturated layer measured as height of water column >f 
"squeezed" from the soil (m). 

Infiltration - minflnfilt jate.Precipitation*0 0254,Porosity*Unsat_Depth-Unsat_Water/DT) 
DOCUMENT The amount of water infiltrated is the minimum of infiltration rate, the amount 
of precipitation available (0.0254 converts inches to m), and the unsaturated capacity (m/d) 
The unsaturated capacity is the potential capacity (the volume of pores in the soil) minus 
Unsat_Water (the space already occupied) 
Percolation^ - if Unsat_Depth>0 then 

(if Unsat_Water< = Field_cap*Unsat_Depth then else Perc_rate) + 
(if Unsat_Delta > then Unsat_Water*Unsat„Delta/Unsat_Depth/DT 
else Unsat_Delta*Porosity/DT) 
else Unsat_Water/DT 

DOCUMENT. Percolation flow (m/d) + the compensation for the change in the water table height. 
First term is percolation, the amount of water removed by gravity from the unsaturated layer. This 
process can remove only water in excess of field capacity. Second term tells how much water 
was added to (or removed from - hence the biflow) the unsaturated zone when water table went 
down (up). 

Transp^Unsat - NPP*Transp_rate 
DOCUMENT. The transpiration flow (m/d) 

DayJul = mod(time-1,365) + 1 
DOCUMENT: Julian day, 1 thru 365 

This is a counter that resets the day to zero after 365 iterations. Needed to use the same graph 
function for several years of model runs. 
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Elevation — 30 

DOCUMENT Elevation of surface from base datum (m) 
Field_cap = 13 

DOCUMENT: The amount of moisture in soil that is in equilibrium with gravitational forces 
(dimless) 

lnfilt_rate - 0.05 

DOCUMENT: Rate of infiltration — the amount of water (m/d) that can be moved into the unsatu- 
rated layer from the surface 

Perc_rate - 0.005 

DOCUMENT Rate of water removal by gravitation (m/d). Depends upon soil characteristics 
Porosity = 35 

DOCUMENT. Proportion of po^es in the soil. They can be potentially filled with water (dimless) 
Seepage - 0001 

DOCUMENT: Rate of loss of saturated water to deep aquifers (!/d) 
Transp_rate = 0.005 

DOCUMENT The amount of water that plants can remove from soil by the sucking action of 
tneir roots <m of water/kg biomass*m 2 /day) 
UnsatJDelta = DELAY(Uns3t_Depth,DT)-Unsat_Depth 
DOCUMENT: Increment in water table height (m) over one DT. 
Unsat_Depth = Elevation-Sat_VYater/Porosity 

DOCUMENT Depth of unsaturated zone (m), defined as Elevation - amount of saturated water * 
porosity Note that sat water is the water "squeezed" out of the ground, by multiplying it by porosity 
we get the actual height of saturated layer 
NPP - GRAPH (DayJul) 

(0.00, 0.00), (33.2, 0.00), (66 4, 0.00), (99.5, 0.04), (133. 4), (166, 0.925), (199. 0.975), (232, 
0.995), (265, 985), (299, 0.855), (332, 0.105), (365, 0.00) 
DOCUMiENT: An estimate of plant growth over the year (kg/m 2 ) 

Precipitation = GRAPH (DayJul) 

(1.00, 02), (2 00. 34), (3 00, 0.00), (4 00, 07), (5 00. 0.00), (6.00, 18). (700, 46), (8 00, 
0.22), (9 00, 08), (10 0, 00), (11 0. 00), (12 0. 0.38), (13 0, 0.1), (14 0, 0.00], 

[354, 0.00). (355, 0.00), (356, 00), (357, 0.00), (358, 0.00), (359. 0.00), (360. 02), (361, 0.00), 
(362, 001, (363, 00), (364. 00), (365, 00) 
DOCUMENT Rainfall from Beltsville, MD 1969 {m/d} 



We consider the amount of water in the saturated zone, as if it were squeezed 
out of the ground. The actual height of the saturated layer will rhen be Sar._War.er/ 
Porosity, where porosity is die proportion of pores in the ground. The depth of the 
unsaturated layer Unsat_Depth is now calculated as the difference between the ele- 
vation and the height of the sacuratcd layer. 

Notice the use of the DELAY function in rhi.s model. The Unsat_Delta is cal- 
culated as the difference between the unsaturated depth before and the depth now. 
If UnsatJDelta is positive, it means that rhere was a deeper unsaturated layer before 
than there is now. This can only he the case if the water table is rising, so we need 
ro move some water that previously was in the unsaturated storage tnto the saturated 
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6.2 Unit model 
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adopted so far. It makes sense to keep a record of those, since many times a modeler 
can get carried away with rhe process and forget about some of the simplifications 
that were made at one of the earlier stages. It also adds credibility to the model if you 
can always explain all the assumptions to the model users. 

The major processes and assumptions we made to create a model are as follows: 

• Precipitation comes with rainfall and snowfall. If rhe temperature is below 0°C 
(32°F), the precipitation 15 channeled into the snow/ice variable. Otherwise part 
of it infiltrates into the unsaturated water and the rest goes into the surface water. 

• We assume that rainfall infiltrates 
immediately into the unsaturated 
layer and only accumulates as sur- 
face water if the unsaturated layer 
becomes saturated or if the daily 
infiltration rate is exceeded. 

• Surface water may be present in rivers, creeks, streams or ponds. Surface water is 
removed by overland flows and by evaporation. 

• Surface water flow rates are a function of dynamically varying plant biomass, deiv 
sky, and morphology m addition to surface and water elevation. However, at this 
point we ignore details of surface water flow. 

• Water from the unsaturated layer is forced by gravity to percolate down towards 
the saturated layer. As it accumulates, the level of the saturated water goes up 
while the amount of water in the unsaturated layer decreases. 

• Transpiration is the process of water removal from soil by the sucking action of 
roots. Transpiration fluxes depend on plant growth, vegetation type and relative 
humidity. 

• Saturated groundwater can reach the surface and feed into the flow of surface, water. 
This process is what feeds the streams and rivers between the tainfall events - 
the so- called base flow. 

After looking at individual processes and variables, we can put together the whole 
model for the hydrologic cycle, assuming that we can single out an area that is more 
or less independent of the adjacent regions. We assume that we are looking at an area 
of less than 1 km', located in relatively flat terrain that is not too much affected by 
horizontal fluxes of groundwater. There is a certain gradient of elevation that is suffi- 
cient to remove all the excess surface water that did not get a chance to infiltrate into 
the ground over one time-step. The groundwater table is rather stable and tends to be 
at equilibrium at the initial conditions. The climatic data that we have are at a daily 
time-step, and therefore there is no reason to assume a finer time-step in the model. 
Thus, we can agree that our time-step is 1 day and our spatial resolution is 1 km 2 . 

The model diagram in Figure 6.25 
is quite complex, but you will certainly 
recognize some of the modules and 
submodels previously considered. 

The Globals sector (Figure 6.26) 
contains climatic data that are input 
as graphs and the empirical model for 
solar radiation. Here, we also define the elevation of the area considered. This might 
not be very important for the unit mode), but it will become crucial if we decide to 
combine the unit models into a spatial simulation. 



AUwjrt Ik cU&r cmA kcnttst abvui all tke 
OMUAMfiiUMA Mid WM^UfeajturnA that -usere 
made when i*su>dd urn* built. 



Kevpyow wjjdd dia^raMt omA a>de tidy 
&nd Logical. Explain. ttUtvjs whereiw 
jxrmbie. Au&td Lony cmsttdurw. Try to pat 
tke. -HtodH Lhio zulnttodeU err modules. 



Water 225 




Figure 6.25 



Full Stella model for unit hydrology. 
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Farcing functions for the hydrologic mode co lected in a separate submodel called Globals. 
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l^liUfU^J Input/output section for the hydrologic model. 
Note that it is easier to manipulate parameters if they are collected in one place using the ' ghost " feature in Stella. 
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Here we need to use some caution and remember one of che commandments 
above: mind the units. As for any product coming from a US Federal Agency, TR-55 
is designed in imperial units - in this case, inches. US Federal Agencies do not 
acknowledge that the rest of the world has adopted metric standards, which causes a 
lot of confusion and errors. So take care whenever dealing with a product that comes 
from there! In the case of the equations above, the units did not matter until we 
arrived at the relationship between S (measured in units of length) and CN (a dimen- 
sionless empirical curve number). The curve numbers CN are designed to produce S 
in inches. So in order to stay within the universally accepted metric conventions, a 
conversion is needed: 

q / s 2540 „. 
CN 

All the complexities of the hydrologic cycle that we have explored become 
embedded in this magical empirical parameter. If there is no retention capacity of 
the watershed, CN = 100, S = and Q = P, all rainfall becomes runoff. The larger 
the retention capacity, the smaller the curve number, the less runoff is seen. Curve 
numbers are produced from empirical studies for various land covers and soil types. 
A sample of curve numbers is presented in Table 6. 1 . 



A sample of runoff curve numbers lor urban areas. Similar tables exist tor agricultural and 


other types of land uses. See the full TR-55 publication 










Cover description 


Hydrologic soil group 


Cover type and hydrologic condition 


Average percent 
impervious area 


A 


B 


C 


D 


Open space (lawns, parks, golf courses, cemeteries, etc.} 


Poor condition {grass cover <50%) 




68 


79 


86 


89 


Fair condition (grass cover 50-75%) 




49 


69 


79 


84 


Good condition (grass cover >75%) 




39 


61 


74 


80 


Impervious areas. 


Paved parking lots, roofs, driveways, etc 
(excluding right-of-way) 




98 


98 


98 


98 


Streets and roads: 


Paved; curbs and storm sewers (excluding 
right-of-way) 




98 


98 


98 


98 


Paved; open ditches (including right-of-way) 




83 


89 


92 


93 


(Continued) 
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Table 6.1 


(Continued) 


Cover description Hydrologic soil group 


Cover type and hydrologic condition 


Average percent A 
impervious area 


B 


C 


D 


Gravel line lading nght-o'f-way) 




76 


85 


89 


91 


Dirt (including right-of-way} 




72 


82 


87 


89 


Urban disrrtcis. 










Commercial and bLSiness 


85 


89 


92 


94 


95 


Industrial 


72 


81 


38 


91 


93 


Residential distncts by average lor sue 


1/8 acre or less Mown houses} 


65 77 


85 


90 


92 


1/4 acre 


38 


61 


76 


•S3 


, 57 


1/3 acre 


30 


57 


72 


31 


66 



Infiltration rates of soils vary widely, and are affected by subsurface permeability 
as well as surface intake rates. Soils are classified into four Hydrologic Soil Groups 
(HSG) = A, B, C and D - according to then minimum infiltration rate, which is 
obtained for bare soil after prolonged wetting. Roughly, the HSG soil textures are as 
follows: A - sand, loamy sand, or sandy loam; B - silt loam or loam; C - sandy day 
loam; and D - clay luain, silty clay loam, sandy clay, stlry clay, or clay- 
Comparing the two models, the process -based Stella model and the empirical TR- 
55, the simplicity of the latter can be appreciated. Note, however, how little the empir- 
ical model tells us about the actual processes - about how various forcing functions 
(temperature, wind, etc.) affect the system. While it is certainly a useful tool for some 
particular applications, especially where quick estimates are lequiied, it is unlikely to 
advance our understanding of how the system works. On the other hand, it is quite 
easy ro become buried in all the complexities of the process -based approach, especially 
if we considei all the parameters we will need ro figure our to make it run, and all the 
data fot foicmg functions that we will need to find. In some cases, a bicycle is all you 
need to get [here, in other cases, a Boeing-777 would be a better choice, Note, how- 
ever, that m most situations when a bicycle is a good solunon, a Boeing would he a 
ridiculous or even impossihle option. The same applies wirh different kinds of models. 

Also note that both models have quite limited application, since they assume 
a veiy small watershed and no horizontal movement of water. If we want to enver 
larger watersheds, we need to explore how water gets routed and what spatial algo- 
rithms are needed to make the models work, 

6.3 Spatial model 

]ri reality, hydrologic processes are very much spatial and their desctiption within 
the framewoik of a spatially uniform unit model is quire limited. Water, both on the 
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defined by horizontal Hydraulic conductivity. This rate .s very ttiucjhi Jependent on 
che soil type, iind can v;iry hy severril orders of magnitude. 

As with surface water transport, groundwnter flow is certainly spatial - It is driven 
by spatial gradients and the spatial characteristics of soil, hi fact, of the Four major 
variables in the unk model considered above, only two (unsaturated water and snow/ 
ice} ate attached to a certain area and can be modeled Locally For the other two 
major actors (surface water and saturated water), wc need some representation of 
spatial dynamics. 

As we saw in Chapter 5. Stella is certainly not a proper tool to build spatial 
models that may become very complex and are hkcly to require direct links to maps 
and Geographic Inform anon Systems (GIS)- There are two basic approaches used for 
modeling spatial hydrology (Figure 6,29): 

1, Lumped or network-based hydro logic units. Here, the space is represented as a 
number of hydrologically homogeneous areas, that are linked together by y linear 
network, representing the tlow of water in stream? 

2. Grub based units. Here, the space is represented as a uniform or non -structured 
grid or square, triangular ur other cells, 

Each o: the two approaches has its advantages and disadvantages. 

Lumped models 

When using network based segments t the number of individual hydrologic units 
that arc considered spatially may be quite small. The whole area is subdivided into 
regions, based on certain hydrolase criteria. These may be subwatersheds of" certain 
sue, hill slopes, areas with similar soil and habitat properties, etc. In most cases it 
is up to the researcher to identify the ranges within which factors are aggregated, 
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Figure 6.29 



■iMiua^i Lumped network approach and the grid approach. Each subwatershed qr hydrologic 
unit is presented as a combination of cells. 
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and [hereto re decide on the number of spatial units that arc to be considered in 
the model. 

This decision is made based on: 

• The goals of the model - how much spatial detail do we need about the system, 
and what are the major processes we want to analyze and understand within the 
framework of the model ? 

• The available computer resources - how much memory there is to handle the spa 
tial arrays, and how fast is the CPU to run the full model? 

• The available data - how much do we know about the study area, and what is the 
spatial resolution of the data.' 

Once the spatial units have been chosen, they are assumed ro be homogene- 
ous, and the geometry of the area is fixed. This is also the major disadvantage of the 
lumped or the unstructured grid approach. If for some reason we need to reconsider 
the geometry of the watershed and switch to other hydrologic units, tt may require a 
considerable effort to develop a new grid or Touting scheme. 

Once the routing network is defined, the procedure is more or less the same. 
Certain empirical or process based equations are derived to define the amounts of 
water and constituents that each hydrologic unit may generate. These quantities are 
then fed into a network model that represents the transport along the river and its trib- 
utaries. The network model links together the individual models for the spatial units. 

One of the classic examples of this approach is the HSPF (Hydrological 
Simulation Program Fortran), which is available for download from a variety of sites 
(http://water.usgs.gov/s0ftware/h5pf.html) The model was developed in the early 1960s 
as the Stanford Watershed Model, In the 1970s, water-quality processes were added . 
HSPF can cover extended periods of time with time steps ranging from 1 minute to 1 
day. It has been used to model various spatial areas, from small sub-catchments of sev- 
eral hundred square meters to the 166,5 34 -km 3 Chesapeake Bay watershed. The model 
simulates the hydrologic and associated water-quality processes on pervious and imper- 
vious land surfaces, and in streams and well -mixed impound merits, k uses standard 
meteorological records to calculate stream flow hydrographs and pollutographs. The 
list of processes that are covered by various versions ol HSPF is long and impressive: 
interception, soil moisture, surface runoff, interflow, base flow, snowpack depth and 
water content, snowmelt, evapotranspiration, groundwater recharge, dissolved oxygen, 
biochemical oxygen demand (BOD), temperature, pesticides, conservatives, fecal col- 
iforms, sediment detachment and transport, sediment routing by particle size, channel 
routing, reservoir routing, constituent Touting, pH, ammonia, nitrite— nitrata, organic 
nitrogen, orthophosphate, organic phosphorus, phytoplankton and zooplankton. 

Probably one of the best-elaborated versions of HSPF became part of the BASINS 
suite developed at the US Environmental Protection Agency (EPA) (hup. //www. 
epa.gov/OST/BASlNS/). A major improvement is the user-friendly interface, which 
allows users to build a project for a watershed that they are interested in. At this site 
there may even be data sets that are needed for a model for almost any watershed in 
the USA. The latest version of BASINS also includes the SWAT modeL - Soil and 
Water Assessment Tool (http://w wwbrctamus.edu/swat/indcx.html) - another well- 
known spatial hydrology model that is also based on the same lumped subwatcrshed 
paradigm. Both models are generally able to simulate stream flow, sediment, and nutri- 
ents loading. According to some reports, HSPF simulates hydrology and water-quality 
components mote accurately than SWAT, however, HSPF is less user-friendly than 
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SWAT, owing to there being even more parameters to control, HSPF is m extremely 
data-intensive and dvef^parameterued model, and require :i targe amount ol .site 
information. SWAT is somewhat simpler; it estimates the surface runoff horn daily 
rainfall using the curve number method we discussed above, and sediment yieLd is cal- 
culated with the Modified Universal Soil Equation (MUSLE) 
Yet another two models that are worth mentioning are: 

1. TOPMODEL - a classical model that has been used for a variety of rivers and 
watersheds (see http://www esdancy.aL.ut:/h*dg/ireeware,/hfd)j_ireewan:_t<ip .htm). 

2. RHESSys - the Regional Hydro-Ecological Simulation System, which is a CIS- 
based, hydro-ecological modeling framework designed to simulate carbon, water 
and nutrient fluxes. RHESSys combines a set of physically-based process models 
and a methodology for partitioning and parameterizing the Landscape (see http:// 
ycogra ph y. sdsu.edu/Rcsc a rch/Piojects/ RHESSYS/), 

Describing any of these models in any decent amount of detail can take as much 
space as this whole hook. However the basic concept is mute simple and can be 
illustrated by the same TR-55 model considered above. As we have seen, we can 
calculate the amount of runoff from a certain drainage area for each rainfall event 
By definition, this runoff does not stay in place - it runs. Now we need to look at the 
horizontal dimension and figure out the factors that can impact this run, since once 
it starts running it starts co accumulate water from various dieas T anil that is what 
configures the flow bydrograph, or the pattern ol flow in a stream or river. TR-55 has 
been developed to escimace the peak How that an area can gene m ft? in response to 
various rainfall events, k takes the runoff, calculated above, as the potential amounr 
of water that the area can pioduee h and then takes into account various spatial char- 
acteristics of the watershed {such as slope, channelization, surface characteristics, 
etc.) and the temporal characteristics of rainfall (duration) toesttmace the maximal 
flow that should be expected from this area 

One crucial indicator is the time of concentration {T c ) t which is the time for 
runoff to travel from the hydraulically most distant point of the watershed to a point 
of interest wtthin the watershed. T c is computed by summing all the travel times fur 
consecutive Components of the drainage conveyance system. Travel time (T ( ) is the 
time it takes water to travel from one location to another in a watershed. 

Travel time is affected by several factors, such as surface roughness, channel shape, 
and slope of surface. For example, undeveloped vegetated areas will have a high degree 
of roughness and very slow and shallow overland flow. As flow is delivered to streets, 
gutters and storm sewers, runoff downstream becomes far more rapid. Urban ization will 
generally significantly decrease the travel time throu&h a watershed. The slnpe wi\] 
tend to increase when channels are straightened, and decrease when overland flow is 
directed through storm sewers, street gutters and diversions. The time of concentration 
(T,) is the sum of T t values for the m various consecutive flow segments: 



T =T tl +T f2 + .~ + T m . 

Travel time (in hours) is the ratio of How length to flow velocity. Water moves 
through a watershed as sheet flow, shallow concentrated flow, open channel flow, oi 
some combination of these. Sheet flow is the flow over plane surfaces, and usually 
occurs in the headwater of streams, With sheet flow, the friction value {Manning ?i) 
is an effective roughness coefficient chat includes che effect of raindrop impact, dm« 
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over the plane surface; obstacles such as litter, crop ridges and locks; and erosion and 
transportation of sediment. 

Manning's kinematic solution, which works for travel time over 100 m or less, is 



0.007(nL) 0B 

pO 5 
$0 1 



where n - Manning's roughness coefficient (Table 6.2), L = flow length (ft), P = 
2-year, 24-hour rainfall (in), s = slope of hydraulic grade line (land slope, ft/ft). Note 
again the confusion with units here. 

After a maximum of 100 m, sheet flow usually becomes shallow concentrated 
flow. It is driven by slope, so for concentration time we have 



' 3600V 

where: L - flow length (m), V - average velocity (m/s) and 3600 - conversion 
factor from seconds to hours. For slopes less than 0.005 and unpaved conditions, 



Roughness coefficients (Manning's n) for sheet flow 


Surface description 


n 


Smooth surfaces (concrete, asphalt, 
gravel, or bare soil) 


011 


Fallow (no residue) 


05 


Cultivated soils: 


Residue cover < 20% 


0.06 


Residue cover >20% 


17 


Grass: 


Short grass prairie 


15 


Dense grasses 


0.24 


Bermudagrass 


41 


Range (natural) 


13 


Woods 


Light underbrush 


0.40 


Dense underbrush 


80 
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V - 16 1345 s 5 ; foe paved conditions, V = 20,3282 where s = slope of hydrau- 
lic grade line (watercourse slope, ni/m), For steeper slopes the equations are similar, 
hue the coefficients will he different. 

When flow becomes channelized the equation is different: 



n 



So why does 1 49 appear m front of the Manning's equation? What a strange way to write an 
equation Why not include the 1 49 in the empirical coefficient n. which is also there? What's so 
special about 1.49? 

Well, your guess is probably correct Of course, it is the unit conversion. The real Manning s 
equation is 

V — 

n 

where r is measured in meters and s, the siope, is measured in m/m While n is an empirical 
coefficient and is usually presented as dimensionless, in fact it has units If we want to have V 
in m/s, we need to have n in Si'm VA - very weird units indeed. But now- it is clear that if we wish 
to use the same empirical values for n, but get the result m ft/s. we'll need some tweaking 
Indeed, s/m 1/a = s/(3 281/3 ft 1 '' 3 ) = all 49 fl irj l And there is our 1.49! 

The bottom wne is. if you really need tu use imperial units, brace yourself for a lot of fun. 



Here, r is the hydraulic radius (ft) and is equal to a//; (1 , a is the cross section y[ 
flow area (fr), p u is the wetted meter (ft), s is the slope of the hydraulic grade 
line (channel slope, ft/ft), and n is the Harming s toughness coefficient for open 
channel flow. This is also known as the Manning's equation. 

Finally, the peak discharge (ft*/*) equation is: 



<?i, =^A lrl Q^ 

where: q u = unit peak discharge (csm/in), = drainage area (nir), Q = runoff 
(in), and F f , = pond rind swamp adjustment factor. Here we know A m and how to 
calculate Q from the unit model. F p is just an adjustment factor if the pond and 
swamp areas are spread throughout the watershed and are not considered in the T c 
computation. The unic peak discharge ■ q u ls what requires must effort ro work one It 
takes into account T„, the 24-hour rainfall (in), and once again the curve number, 
CN. Stepping through a .series of tables and graphics, TR 55 finally gets the answer. 

There is a Stella implementation ofTR-5.5 developed by Evan Fitzgerald that 
can be downloaded from the book website or from the "Redesigning the American 
Neighborhood" project website (http://www.uvm.edu/- ran/ran/iesearchers/ran55. 
php). tn this simplified version, the standard rainfall-runoff relationships and equa- 
tions used in TR-55 models have been written into the Stella model to produce near- 
identical results to the NRCS models. These relationships include the curve number 
approach as well as the rainfall curve used for the northeast. The time concentration 
variable was excluded in chis version, since the model did not appear to he sensitive ro 
it. A comparative analysis between TR-55 and Stella model results was performed for 
the time of concentration variable at che fixed scale of 10 acres, and it was determined 
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that the effect of not including this variable in the Stella model was negligible for 
peak flow rate calibration. 

The model also piovides a good example of the use of the [node ling interface 
that comes with Stella. In this case, the goal was to explore various altemanve man- 
agement practices for storm water in a small Vermont neighborhood. There are all 
sores of switches and sliders, knobs and graphics that allow the user to define easily 
the various scenarios and management solurions to compare results in search of a 
hetrer understanding of the system and an optimal design of management practices. 

It is also interesting to note that we have solved a spatial problem by a fairly 
local Stella model, although we have actually simplified it to the greatest extent pos- 
sible. In reality, what makes a system really spatially distributed are the variations in 
data and processes. So far, we are still assuming that all the landscape characteristics 
(soil and landuse, expressed in the curve number, slope, rainfall pattern, etc.) are 
spatially uniform. We have provided for some spatial proxies by describing how water 
gets routed and lemoved from the unit area, but that is not really spatial. 

What the models like those listed above (HSPF, SWAT, RHESSys) and others 
do is replicate a version of local TR-55 or our Stella Unit Hydrology model for a 
series of nodes. They then use similar delivery algorithms like the Manning's equa- 
tion over the network of channels that connects those nodes. This takes care of the 
delivery mechanism over a large and spatially heterogeneous watershed. 



Grid-based models 

In grid-based models, the homogeneous spatial units are defined mechanistically, 
by representing the study area as a grid of ceils. The major decision in this case is 
the she and form of the cell. The size defines the spatial grain - the resolution of 
the model, ideally, the smaller the cells, the finer the resolution and the more detail 
regarding the landscape can be accounted for. However, the reverse side is again the 
model complexity and the time needed to run the model. The decision about the size 
and configuration of cells is usually based on pretty similar principles to those above: 

• The goals of the study - what is the spatial resolution needed to meet those goals? 

• The available computer \esources - how much memory is there to handle the spa- 
tial arrays, and how fast is the CPU to run the full model? 

• The available data - how much do we know about the study area, and what is the 
spatial resolution of the data? 

There is yet one more consideration that may be imponant. Grid-hased models 
generate huge arrays of output information. They may he quite useless unless there 
are good data processing and visualization tools that can help to interpret this out- 
put. Imagine a model of, say, 10 variables running over n grid of, say, 5,000 cells. And 
suppose we are running this model for 1 year at a daily time-step. This is probably an 
average complexity for spatial hydrology models. As an output we will be generating 
time series of maps, one for each state variable, every day. So potentially we will be 
obtaining some 3,650 maps for state variables in each of the 5,000 cells, plus as many 
more as we may want for intermediate variables. What do we do with all this informa- 
tion? Keep in mind thai methods of spatial statistics and analysis are quite rudimen- 
tary. We also need to remember that it is hardly possible to expect to have anything 
close to that in terms of experimental data to compare our results and calibrate our 
model. So chances are that much of the spatial grain that we will be producing will be 
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left unused, and most likely we will be generating some indices and spatially averaged 
indicators to actually use in our study. 
Nevertheless, it is $ood to have 
the potential to perforin this kind 
of analysis, and perhaps with the 
advance of remote sensing tech- 
niques and more abundant spatial 
data we will have more opportunities 
to test spat La I models and improve 
our understanding of spatial proc- 
esses- Moreover, spatial output looks 

so nice irt presentations and reports - people like to see colorful maps or animation. 
Just make sure such output is not being misused or misinterpreted! 

hi Chapter 5 we visited with the Spatial Modeling Environment - SME - and 
showed how it can be used to extend local Stella models over n spatial domain. Here, 
we will take a quick look at a real-life application of this approach to watershed mod- 
cling. The Patuxent Landscape Model (FLM - http://giee.uvm.edu/PLM) is a grid- 
based spatial landscape model that was huitt upon the SME paradigm. The model 
uses an ecosystem level "unit** model built in Stella that is replicated in each of the 
unit cells representing the landscape (Figure 6 .30). For each different habitat type 
the model is driven hy a different set of parameter values (e g percolation rate, infil- 
tration rate, etc. are different tor a forest vs an agricultural field vs a residential Kit) 
(Figure 6.31) Actually, it is not only one model tn Stella bur ? whole series of" them. 
SME supports modularity in such a way thai you am take several Stella models, each 
representing a certain subsystem, and run them in concert, exchanging information 
between the different modules. 

Asa companion tool to SMB, the Library of Hydro-Ecological Modules (LHEM - 
http //giee -uvm.edu/LH EM) has been developed to represent most of the processes 
important tor watershed dynamics and management (Figure 6.32) What is most 
remarkable with this approach is that it lends ultimate transparency to the model 
Unlike the watershed models described above, where the code may not be easily 
available or indeed available at all (as in some proprietary models), and all the infor- 
mation a hour the model intestines has to he either figured out from the doeumen 
tat ion provided or guessed using common sense, here we have the actual model at 
our fingertips. We can explore each module, run it as a separate Srella application, 
understand the dependencies and assumption^ or even make change* if we have bet- 
ter ideas regarding how to present certain processes. 

The local hydrology model in LHEM is similar to the unit model m Figure 6 25 
In addition to that, there are modules for nutrient cycling, dead organic material, plant 
growth, etc Further, there are also spatial algorithms that can be used to move water 
and constituents between cells. There is a choice of algorithms of spatial fluxing that 
link the cells together {Figure 6 J 3). In effect, they are somewhat similar to the proce- 
dures discussed above when wc were moving water over the network between nodes. 
Here too we need to decide how far and how fast chc ware, will travel, except, as in 
the case of PLM, the network is degenerated to a simple case of cell to cell piping 

The methods used m LHEM are greatly Simplified in order to handle large^areas 
and complex ecological models They may be considered as an empirical approach to 
surface- water muting. They are very much based on empirical assumptions and com- 
mon sense. In a Landscape- modeling framework, hydrology is only a part of a much 
more complex and sophisticated model structure. Therefore we have to try to keep 




■SSLSS""SHi - : 

: .-. ::::: 



Land use or habitat 
types 

I I void 

I I 3 agricultural 
4 rural resident. 
I 5 urbanized 
6 bareiand 




Unit Model 



Figure 6.30 



Spatial organization of a grid-based model. 



the rune-step as large as possible in order ro he able to run the models for sufficiently 
Inn [j simulation periods. The methods suggested certainly sacrifice some of the preci- 
sion h especial I v in the transfer processes, but they represent the quasi -equilibrium state 
well anrJ substantially gain in model efficiency in terms of the CPU time required. In 
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far mure surface runofl during storm events. Rivers and streams become racing torrents., 
causing erosion and flooding over vast areas At the same time, there is less flow in 
between the storms. The so-called baseflow dries out, since all the water has been already 
drained and there is not much scored in the ground and wetlands to feed the streams. 

The high flows result in highly incised landscapes, with streams digging deeper 
into the ground, taking out lots of sediment and dumping it in Co the rivers and lakes. 
The water quality also dramatically deteriorates. The sediments themselves are 
a nuisance for adult fish, and can destroy spawning grounds. They also carry large 
amounts of nutrients. Numerics also came from fertilizers used to improve residential 
lawns The lawns are also treated 
with chemicals - herbicides and 
pesticides - which all end up Ln 
t\sruaries and lakes. 

The bottom line is that 
residential neighborhoods have 
D Strong impact on storm water 
quantity and quality, and need 
to start taking care ot their run' 
off. So far, most of the solutions 
have been quite centralized. In 
one, the water is captured in 
large retention ponds, where it 
is held for a while, losing sedi- 
ments and partially infiltrating 
into the soils (Figure 6.34). This 
solution is quite expensive both 



The river network is developed by the land- 
scape. However >t is not just the geology end 
height that matter; Sana" cover is also a factor 
If we have forests, they can absorb most of 
the rainfall, so there is not much left for runoff 
H forests are replaced by impervious or less 
pervious surfaces, then there is more surface 
runoff ancf obviously more streams and rivers 
are required to conduct all that water. Besides, 
the mere water is channeled through these 
streams, the wider and deeper they become, it 
is interesting to realize that perhaps most of the 
easting river network, especially the smaller 
streams and fivers, have been developed as a 
result of our land cover changing activities. 
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Figure 6.35 



A rain barrel 

This is a simple device to capture water collected from rooftops, it intercepts only the first few centimeters of a 
rairrfail event {depending upon the area at the roof and the size of the barrel). However, it may be quite useful in 
improving water quality, since it is usually the first flash of runoff that contains most of the constituents, arid the more 
of it we can retain, the better. Check out http//www likbez com/AV/barrel/for how to make your own rain barrel 



to install to ma i ntaii v These super- ponds can be built during the construction 
ph;ise, when there lire clear regulations and controls with which the developers need 
to co triply- However, [hey are prohibitively expensive to install later on, when the 
neighborhood is already in place and the homeowners are expected to ahwrh all the 
additional costs of redesign. 

An alternative solution that us more distributed and not require hu^e 

upfront investment scares righc at ihe door- For example, homeowners can install so- 
called rain harrels (Figure 6. 15), which are simple containers that capture the drain- 
age off the house roofs, However, these can intercept only low- and midsize storm 
events and they can be damaged in winter, when temperatures are below freezing. 

Another solution for larger volumes of rainfall are the so-called rain gardens 
These are artificial and natural depressions which are planted with vegetation that 
removes water through transpiration. The concept is not familiar for most homeowrv 
ers, and u is &ume times hard to persuade them to consider this as an option A simple 
spatial model can help in doing that. For example, it might be nitie to show what the 
Hows of surface water look like, where they go, how water is accumulated, and where 
the rain gardens are most likely to work best, This can be accomplished with (,HS 
mode ting, provided that we have significantly high- resolution elevation data. 

The latest LIDAR (Light Detection and Ranging) point data offer exactly that 
opportunity. For example, for the whole Chittenden County in Vermont, there are 
higlv resolution data sets. They are collected with a: rcraf Amounted lasers capable of 
recording elevation measurements at a rate of 2,000 to 5,000 pulses per second, and 
have a vertical precision of 15 centimeters. This information can be pulled into a 
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Geographic Information System (CIS), such as ArcGLS, which has some quite elab- 
orate hydrologic modeling cools embedded in it- 
First, we can build a Digital Elevation Model (DEM) using the Inverse Distance 
Weighted (1DW) interpolation tool from the ArcGis '^.2 Too! Box. Another ArcGIS 
tool tan be used to calculate the stream network and subwatershed delineation on the 
basis of these DEMs (Figure 6 36}. Results of analysis show that the modeled wa-tfii 
drains network follows the storm water pipelines and street curves - even depres- 
sions along the property lines- If we further decrease the threshold, we will generate 
a micro-drainage network that gives lis even more detail about the routing of surface 
water {Figure 6.37). This kind ol inhumation helps m to visualise the fate of stormwa.- 
ter on individual properties and in the neighborhood, and can also serve as a commu- 
nis, ant in tool to help several neighbors to agree on where it will be most efficient and 
cost-effective to locate the treatment area In most cases, a bigger shared rain garden 
will be much cheaper than several Smaller gardens on different properties. 

hs said that "a picture's worth a hundred words." Indeed, when they look at these 
images che homeowners can actually recognize their houses and properties and see how 
the water flows over their land, It is also deur where the ram gardens can be located in 
order to be most efficient. These models are powerful tools for deliberation and deci- 
sion-making- In fact, in the "Redesigning the American Neighborhood" project - an 
attempt to rind storm water management solutions at the scale ol small towns, cities 
and developments in Vermont - such visuals developed by Helena Vladich worked 
very well in directing the attention of homeowners in two small neighborhoods toward 
che distributed alternative engineering solutions. After seeing how the rain-garden 
method could be implemented, and comparing costs with the super- pond option, the 
citizens agreed that the small-scale distributed approach would be more promising and 
decided to pursue that technique 

Models do not need to he dynamic if we arc mostly interested in the spatial con- 
text. The GIS framework offers numerous tools for spatial modeling that are quite 
simple to implement, and should certainly be considered when the temporal domain 
is not important or is not supported by any data nr informanrm. 
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6,4 Conclusions 
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SUMMARY 

What models can we build to describe social and economic systems? Economics has 
developed its own models, and has become one of the most mathematized branches 
of science. However, most of those models do not take into account the natural sidcj 
the ecology Can we apply some of the models snd methods that work good m the 
natural world to describe economic processes? Would these models then work for 
ecological economics: In many cases, the answer is yes. We can use population mod- 
els to describe the dynamics of human populations We can try to mimic some of 
the well-known properties of the market economy, such as the dynamics of supply, 
demand and price. However, we immediately realise that the transition regimes are 
quite difficult to reproduce Whereas classic economics operates in the margin, we 
start considering some substantial changes in the system. This turns out to be some- 
what hard to model. Some simple qualitative models can help us to understand proc- 
esses embedded in our socio economic and political systems. For example, we can 
explore how lobbying works to promote big corporations, and how this can allow 
such corporations to "rule the world." We can even combine some of the processes 
from the socio-economic field with natural capital and cry co consider scenarios of 
sustainable deve) opment. Analyzing these integrated ecological and economic sys- 
tems, we hnd a new meaning in the model time-step. It can be related to the effi- 
ciency of the dec ision-ma king process, since this is the time over which the system 
reacts to change, the time over which processes are updated in the model. If the rates 
of processes in the syscem grow, it is essential that the time-step decreases - other- 
wise the growing system is likely to crash. Similarly, simple analysis of the peak oil 
phenomenon gives us some insight into the possible future ol the end of cheap oil. 
It seems likely that in the global scale, where we do not have easily available substi 
tutes, the trajectory of oil extraction may extend somewhat further than the peak 
at one-half of extracted resource. However, the following crash will be steeper and 
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harsher. This could he avoided if sufficient investment were piped into alternative 
energy resources early enough, while fossil resources are still abundant. Finally, we 
will look at a different class of models; those that are used to study rhe dynamics in 
the global scale. These models contain much information about different processes, 
and should be Treated as knowledge bases of a kind Some scenarios of futures and 
applications to ecosystem services are also described here. 

Keywords 

Population dynamics, natality, mortality, migration, Canada, Malthus, age cohorts, 
population pyramid, population senescence, Social Security crisis, supply and demand, 
price, corporations, competition, subsidies, carrying capacity, TerraCycle, Miracle- 
Gro, lobbying, liquid coal, sustainable development, investment, production, chaos, 
fossil fuel, non-renewable, biofuel, cheap oil, Hubbert curve, Critical Natural Capital, 
Energy Return on Energy Invested, alternative energy, conservation, global dynamics, 
ecosystem services, scenario, futures. 



7.1 Demographics 

We have already considered several population models earlier in this book. Modeling 
a human population may be quite similar to modeling a population of woozles, as 
long as we have the same information about the factors that affect the population 
dynamics. In most cases, what we need to consider are piimarily the growth due to 
births (natality), the decline due to deaths (moi tahty), and change due to in- and 
out-migration. 

Consider, for example the data that are available at the Statistics Canada web 
page (see Table 7-1). This table presents the dynamics of the population of Canada 
over the past cenrury (in thousands). Based on those data, we have estimated and 
added to the table the per capita natality and mortality rates. 

A simple Stella model can be put together based on this data. Let us assume 
first that there is no migration, and formulate the model of exponential growth with 
varying birth and death coefficients: 

^ = (bit) - m(t))x 
ai 

where x is the population iize, b(t) is the birth rate and m(i) is rhe death rate. Using 
the "To Graph" option in Stella, it should be easy to insert the data regarding the 
time -dependent birth and death factors into the Stella model and run it. (Actually, 
it is not as easy as it should be. Because of a bug tn some versions of Stella, it is 
impossible to copy and paste the numbers from the Excel file column into the Graph 
descrtpnon m Stella. For some reason this operation supports only three digits, and 
all the numbers that are larger than that will be split into rwo lines. It is important 
to be aware of this, since ir may occur on a line that is not visible in the opened win- 
dow and therefore all the graph data may be shifted and treated incorrectly. It seems 
to be much easier to do it in Madonna - so maybe that is how we will do it next 
time.) 

We can either put together the model ourselves, or download it from the book 
website. 
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Figure 7 A t^ives a comparison of a model run with the data for die coral popula- 
tion numbers. The model seems to perform quite nicely for the first 11 decades, but 
then it consistently underestimates the population growth. If we look at the difference 
between in- and out-migration in the tabte, we can see, that it has a pronounced 



Dynamics of the population of Canada over the last century 



Period 


Census 
at end 


Total 
growth 


Births 


Deaths 


Immigration 


Emigration 


Births/ 

Jnu./ 

year 


Deaths/ 

iriu,/ 

year 


1351-1861 


3,230 


793 


1,281 


670 


352 


170 


0.04 


0.021 


1861-1871 


3,689 


459 


1,370 


760 


260 


410 


0.037 


0.021 
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4,325 


636 


1,480 


790 


350 


^04 


0.034 


0.018 
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G8C 
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538 


1,548 


830 


250 
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0.016 
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0.027 


0.012 
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a/nn 
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1.214 
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0.024 


0.007 


1961-1971 


21. .568 




4,105 


1,497 


1,429 


707 


019 


0.007 


1971-1981 


24,820 


3,253 


3. "75 


1,667 


1,824 


636 


0.014 


007 


1981-1991 


28,031 


3,210 


3,805 


1,831 


',«76 


491 


0.014 


0.007 
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Figure 7.1 



Modeling population dynamics with no migration. 
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Figure 7.2 



Net migration or difference between immigration and emigration rates in Canada 
There is a substantial increase of immigration m the second half of the twentieth century, which explains why 
it is hard to match the data without taking migration into account. 
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Figure 7.3 



Modeling population with migration included. 
Actually there is an error in this model Can you figure out what ir is? 



growth trend over the years (Figure 7.2). It becomes especially large over the p^ist five 
decades, which quite clearly marches the period when our model scarred to tail. 

Ir seems to make perfect sense to bring the migratory processes into the picture 
and include them in the model. The simplest way as just to add the ineuivniiy rn,p U ; , 
t:un and subtract the number of people leaving: 

— = (6(0 m(r))x + m) ~ Out(t) 
dt 

where In{r) is the number of immigrants and Out(f) is the number of emigrants. 
However, if we run the model now, the results turn our to be even less satisfying. 
First we underestimated the population size, and then we overestimated it quite 
considerably (Figure ? .3). 

We may begin to speculate that perhaps migrants are affecting natality and mortal- 
ity in a different way than the aborigines. This may he either because of a specific age 
structure of the migrant population (perhaps rhey are arriving later in their reproduc- 
tive life and therefor giving birth to fewer children, or maybe exactly the opposite - 
they are having more babies in order to grow deeper routs in the country), ur perhaps 
because there is a flow- through of migrants who stay in the country' only for a short 
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However, as Time goes by the distribution graph becomes quae distorted, representing the 
arrival of the baby-boomers in the 1950s and clearly showing the trend towards a predomi- 
nantly cider population. 



2001 30 Million 




Consider four age group*: children (aged 0—15 years), adults! (16-40 years), 
adulu;2 (41-65 years) and retired adults {over 66 years of age). The goal of look 
ing at these age groups ts two-fold First, we want to separate the childbearing group 
(adulisi); secondly, we wi$h to distinguish between the working adults (adultsl + 
adultsZ} and the rest ( che non-working population). In some cases we may need to 
consider more age groups (also called cohorts), but usually it innkes sense ro differ- 
entiate only between the ones that have different functions. After alb why make the 
model more complex.' 

The Stella diagram for ch i& model can be seen in Fig; ire 7.5, We have four 
state variables with transfer functions, tl, t2 and c3. Each transfer function should 




Figure 7.5 



An age-structured model, with lour state variables representing lour age groups or cohorts. 
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be designed in such a way that <r moves all the individuals in one age group to the 
nexr over the time period that an individual stays in the age group. For example, if 
a baby is born arid put in the Age0-L5 group it will stay in this group for the next 
15 years and then be transferred to the next group, Age 1 6 — 40. This means that every 
year one-fifteenth of rhe number of individuals m rhis age group will be moved to 
rhe next group. Therefore, rl = (Age0-15)/1 5. Similarly, t2 = (Agel6-40)/25, and 
t3 " (Age41-65)/25. Individuals stay longer tn these groups, and therefore only one- 
twenty-fifth of che group is transferred co the next group annually. 

The other processes are similar to those in rhe standard population model consid- 
ered above, except that the birth flow is proportional only to the number of individu- 
als in the second childbearing age group, Age 16-40, and not che total population, as 
we saw before. If we want co use the birth rate from the data set that we have, we need 
to add a scaling factor that will rescale the birth rate for the whole population to the 
bitch rate controlled only by the Age 16^40 age class. Similarly, we need to figure out 
how the total deaths will be distributed among che different age groups. 

Common sense dictates that death rates in the younger age groups should be 
smaller than the population wide average. The death rare in the Age41-6.5 group 
should be close to che average, while the death rate in the Age66 above group should 
be considerably higher than the average. Assumptions should also be made to dis- 
tribute the overall migration data (= immigration - emigration) among the various 
age classes. 

Overall, we end up with the following set of equations. Definitions of the four 
age groups are almost identical: 

[transfer from the younger age group] - [death] + [net migration] 

In addition, there is birth in the first age group. 

[Age0to15(t) = Age0to15(t - dt) (b1 4- ml - cM - tl) * dt 

INITAge0to15 - 600 

INFLOWS: 

b1 = cbl*bb*Age16U>40 

ml = mm1 

OUTFLOWS: 

d1 = cdl*Age0to15 

tl = Age0to15/15 

Age16to40(t) = Age16to40(t - dt) + (tl + m2 - 62 - 12) * dt 

INIT Age16to40 = 2100 

INFLOWS: 

t1 = Age0to15/15 

m2 = mm2 

OUTFLOWS" 

d2 - cd2*Age16to40 

t2 " Age 16to4 0/25 

Age41to65(t) = Age41 to65(t - dt) + (t2 + m3 - d3 - t3) * dt 

INiTAge41to65 = 300 

INFLOWS: 

\2 = Age16to40/25 

m3 = mm 3 
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OUTFLOWS- 

d3 = cd3"Age41io65 

13 - Age41to65/25 

AgeeSaboveft! - Age56above{t - dt) +- (13 + md - d&) * dt 

I NIT Age66above - 130 

INFLOWS 

t3 - Age4Ho65/25 

m4 - mm4 

OUTFLOWS: 

d4 «= cd4*Age66above 

bb = Total/ Age 16to40 

The follow ng is ihe distribution of deaths among different age groups 

cdi = cddl *C_mon 

Cd2 = cdd2*C_mort 

Cd3 ss cdd3*C_rnort 

cd4 = cdd4*C_mort 

cddl ^04 

cdd2 - 75 

cdd3 - 1.2 

cdd4 = 1.9 

Similarly net migration is distributed among age groups: 

M « fln-Out)/10 

mml - cml *M 

mm 2 - cm2 * M 

mm3 = cmS'M 

mrn4 = (M-mmi-mm2-mm3) 

cml = 1 

cm 2 * 5 

cm3 - 2 

Some totals and more data for calibration purposes- 
Total - AgeOlolS ■+■ Aye16to40 + Age41to65 + Age66above 
ToiaLdied = d.l + d2 t d3 + d4 
birth s_p_y = Bjrihs/10 
deaths_p_y = Deaih/10 

Birth, death rate as we I as immigration and emigration numbers are defined as graphic 

functions based on the data in Table 71 

cb1 = GRAPH (TIME) 

C_,morl = GRAPH (TIME) 

In =, GRAPH (TIME) 

Out = GRAPH (TIME} 

By tweaking the parameters of death rates in difffe&rfi age groups, wo can yet the 
model to closely represent our data. Figure 7.6 represents the dynamics of the total 
population- Also we am display the dynamics of individual age groups (Figure 7 7). 
Concrarv to our expectations, the distribution of migration among age groups does not 
play a major rak in the system. As long as the coral nil rubers of migrants is correct, we 
get almost similar results. 
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Figure 7.6 



Model results for total population in the age structured model after calibration of birth 
and death-rate parameters. 
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Figure 7.7 



Dynamics of different age cohorts in the age-structured model. 
Towards the end of the simulation, the numbers in the elderly classes start to grow more rapidly than in other 
cohorts A time bomb for a generational siorm ns set, unless some drastic measures are taken, 



What we tan do next with this model is explore rhe daunting problem of popu- 
lation senescence that is currently looming over most of the societies in developed 
countries, With the growth of affluence and education, people are less mi hoed to 
have children. As a rcsuk hirrh rates are decreasing, while [he advances in medicine 
and health care are decreasing the mortality rare. These changes may nor affect the 
total population numbers (after all, we are decreasing both the inflow and rhe outflow 
for the stock ot the population number), but they will have a substantial effect on the 
shape ot the age distribution. The number of old and retired people keeps growing, 
causing an increasing burden on the welfare system. At the same time, the number of 
people of w orking age becomes relatively smaller, so there are fewer people contribut- 
ing to the support of the retirees in the system- 

In our Canadian model we already have the decline of' birth and death rates, 
and we can already see that numbers in the eldest age group, Age66above, are stead- 
ily increasing, making this age group dominant in the population. Let us add the 
social security system into our model. This can easily be performed by introducing 
another stock m the model that will have an inflow generated by payments from rhe 
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Agel6to<IQ iinJ Age4lto65 grou^, while the outflow will be in proportion to the size 
of the ARe66abm? group (Figure 7.B)- 

SS_tund{t) '- SS_fundU - dti + (taxes - pensions! * d! 

INJT SS_fund - 100 

INFLOWS: 

taxes = pay*(Age16to40 + Age41to65} 
OUTFLOWS: 

pensions - pp*Age66sbove 

The "pay" is the amount that individuals contribute co the Social Security fund 
while they are working, and "pp" is rhe size of the pension that retired people receive. 
We can immediately see that if we keep "pay" and "pp 1 ' constant, the "SS_fund" 
will go bankrupt some time in the near future (Figure 7.9). In this model we have 
assumed fkat the social security system ha* been in phict 1 since the beginning ol our 
data set in 1861, that the payments to and from the fund have been constant over 
these years, and that the Age of retirement has also remained constant. This is cer- 
tainly not realistic, and fur a hetter model we should include all these historical data 
in our consideration. However, this is unlikely to change the overall trend because, 
agaiRj qualitatively it is quite clear that as the elder population group grows, in size 
we will need more resources to support it The model iis an excellent tool CO quantify 
some of these qualitative notions- 




SS fund 
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Age4iio65 Age6Sabove 




A simple submodel of a social security lunrj 
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Dynamics of the social security fund when populaHon is senescmg and There are less 
people who work and more people who receive pensions. 
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Exercise 7.3 
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Here, X] - Age0toJ5, x 2 - Agel6to4G, x 3 = Age4lio65 and x 4 = Age66above\ 
b is the birth rate, f, are the transfer coefficients, and d, are the mortality rates - just 
as in the Stella model above- When running Stella, we did have some pioblems iden- 
tifying the correct values for the coefficients. Sometimes the variables were growing 
too fast, or alternatively they were diminishing to zero. Are there any relationships 
that we should keep in mind when looking for suitable combinations of parameters? 

First, let us check for an equilibrium. Making the left-hand side of the equations 
equal to zero, we get a system of algebraic equations: 

= bx 2 - tjX| - d,X| 

- t^Xy - t 2 x 2 — d 2 x 3 

= t 2 x 2 — £3X3 — ^3 X 3 

- t^X} - d^Xq 



The first equarion yields: X\ = bx 2 l{t) + d\). Substituting this into the second 
equation, we get (bt[j(t\ + d\) — (t 2 + d 2 )) ■ x 2 = 0. This means that we get an equi- 
librium only if x 2 = 0, which then automatically makes all the other variables equal 
to zero. Or if (ki/ftj + d\) — (h + d 2 )) = 0, in which case X2 can be any, and 

bXj tiXy j E3X3 , v 

and x 4 - ^7.1) 



Neither of these states is interesting, since the first is trivial, when there is no 
population, and the second is extremely unlikely because it requires that there is an 
exact relationship between model parameters. Equality-type relationships are unreal- 
istic for any real-world situations, where there will always be some uncertainty about 
model parameters and ir is impossible to guarantee they will be exactly equal to some 
combination between other parameters, as we require in this case by asking that 
biyliu + dO - (h + d L ) = 0. 

However, this analysis is not without meric. What we can see is that when this con- 
dition does not hold and, say, btj{t\ + d\) > £ 2 + d 2 , tnen dxrfdt > 0. This means that 
in this case x 2 will be growing. Keeping in mind (7.1), we can see that all the othet vari- 
ables will also be growing. If, otherwise, bt\j{t\ + d\) < t 2 + d 2 , all the model variables 
will be declining. So we have found a simple condition that quickly tells us when the 
population becomes extinct and when it survives. Interestingly, none of the parameters 
from the third or fourth equations in the model are involved- Not surprisingly, this means 
that, for survival of the population, only the first two age groups matter. The remaining 
two are a tail that can be cut to any length. The population still persists, as long as the 
child bearing group is in place. Once it gives birth to progeny, it can disappear. 

This simple analysis is quite helpful when looking for the right combination of 
parameters to make the model run. Instead of the trial-and-error method, we can 
identify certain parameter domains where the model behaves as we would want it to. 

If we bring in migration, we get a slightly modified system of equations: 

dx, , 
— - bx 2 — t.x, +m ] 
di 

dx^ 

—~ = L|X] - l 2 x 2 - a 2 x-> + m 2 
dt 
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dx 3 

— - i 2 x z - d 3 x 3 + m, 



dx 
dc 



4 j 

— i jXj — a 4 v 4 + 



Here, m, are the nee migration races inco che four age groups. They can be posicive or 
negative. The other parameters are always positive. This time, we can see that there 
exists an equilibrium in che model: substituting x\ — (bxi +m 1 )/(cj + d\) t which 
comes from che equilibrium m the first equation (dx\/dt = 0), into the second equa- 
tion at equilibrium, we immediately get a solution for x?i 

x _ "Vi +^2^i jji) (7.2) 
2 (t 2 +d 2 )(tj +d,)-fct 1 

This can be then substituted back into the equation for X\ t to produce 

_ bm 2 + m, (t 2 -I- d 2 ) ^ ^ 



(t 2 +d 2 )(£, +d l )-bc i 
Substituting x 2 into the thud equation, we can calculate 

hxi + m, 

v — *- ■- -2_ 

Then, similarly, this value for Xx can be used to calculate 

_t J x 1 ^m ± 

which follows from the fourth equation. 

Obviously, these equilibria have to be positive. If the migration coefficients m i 
and m 2 ate positive, it follows from (7.2) and (7.3) that when 

b< lii±M!L±4> (74) 

we have all the equilibria in the positive domain; otherwise we move into the nega- 
tive domain. If this condition holds, the other two equilibria for X3 and x A will also 
be positive. 

If we now run the See I la model under these conditions, it appears that the equi- 
librium is stable: we can start modifying the initial conditions, and still will converge 
co the values thac we have identified above. However, if the equilibrium moves into 
the negative domain, eithet when (7.4) no longer holds or when migration becomes 
negative, we get exponential growth or exponential decline patterns. Though ana- 
lytical analysis can become quite cumbersome, without it it may be hard to figure out 
that the model can produce all three types of dynamics: exponential growth, expo- 
nential decline, or stable steady state. It all depends upon the parameters we choose. 

We may once again conclude that looking at the equations can be quite helpful. 
Unfortunately, the algebra becomes rather tiresome even when we have only four 
equations and some fairly simple interactions. However, when we have many more 
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equations and parameters, it is still important to run and rerun the model for a.s many 
combinations of parameter values and initial conditions as we can afford. This is the 
only way 10 attain confidence and understanding of the results we are producing. 

Before we continue with some linked models of demography and economics, let 
us consider a few examples of simple economic and socio-economic models. 



7.2 Dynamics on the market 

Let us see if dynamic modeling is an appropriate tool to model some economic sys- 
tems. Consider the basic demand-supply-price theory that is discussed in most clas- 
sical books on microeconomics and at a variety of weh pages (e.g. http://hadm.sph 
scedu/COUaSES/ECON/SD/SD html or http://vcollegedansing.ee. mt . U s/econ20L/ 
unit 03/bsO3Lhtm). 

In essence, we are looking at a system of two state variables, one representing the 
quantity of fl given commodity (G) and the other one rep resenting its price (P). In a 
market economy , the two are supposed to be determined hy the relationship between 
supply and demand. Let us look at Figure 7.10 ro see how we derive the relationship 
between price and the amount of commodity on the market. Suppose that the price 
of the commodity ts set at p L . In Figure 7.1CA, we will graph the relationship between 
price and the amount of the commodity on the market; in Figure 7.1 CD, we will 
show the change in price over time. Lei us first draw the graph of Supply. The Law 
of Supply states that the higher the price tor a commodity, the moie products will be 
offered by the producer on the market. So S should be an increasing function of P 
(Note chat, mathematically, this is somewhat dubious, since we have just replaced the 
independent variable in the graph. Nevertheless, this is the way economists do it.) 

On the graph, we see chat the quantity g\ corresponds to the price p { . This 
projects the first price point in Figure 7.10B. However, there is also the Law of 
Demand that states thai the price of a commodity is inversely related to the amount 
demanded per time period In our case, the Demand curve stipulates rhat at a quantity 
l he commodity can be sold only at a price as low as fa. (the second point in Figure 
7.1 OB), With such high supply there is simply not enough demand to keep the price 
up, so Competition among producers increases and they have to push the price down 
to sell all the g { stock that was produced. However, at price fa the Supply curve tells 
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Figure 7,10 



■dL'UKJuuM Converging of supply towards demand and equilibrating of price after several cycles 
A. The demand (0* and supply !S} curves. B. Dynamics of price as defined by the demand and supply. 
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us that producers will only be willing to produce and ship to the market g 2 commodi- 
ties. Producing these goods at such a price is not that profitable and lucrative for the 
produce , so only a few will remain, and they will produce much less. 

Once again, projecting the amount g} to the Demand curve we realize that now 
the demand for the commodity is so high (there is an excess demand on the mar- 
ket) chat it can sell at a price as high as p\. For such a price the producer is once 
H^iiin ea^er to produce more and, according to the Supply curve, will deliver more 
commodities to the market. We conrinue this process observing that the price and 
the amount of commodity gradually converge to a certain equilibrium state, when 
the price wilt he just right for the available quantity supplied, and the quantity sup- 
plied will match the amount demanded. This is what is called u market equilibrium." 
Economic theory considers that markets come to equilibrium in one shot - i.e. when 
both producers and consumers know exactly the equilibrium price and amount of a 
market good which wi]l be sold on this inark^L However, in the real world it always 
takes some time for supply to adapt to demand and vice versa, 

How can we describe this process in a dynamic model. 7 Consider a system with 
two variables: P and C, According to the Supply Law f the production of the com- 
modity Q is in proportion to its price. According to the Demand Law. the cuiv 
sumption of the commodity is in reverse proportion to the price. Therefore, we can 
assume the equation for Roods in the following form: 

Based on similar considerations, we assume that the price increases in reverse 
proportion to the amount of the commodity available for consumption and decreases 
in direct proportion to this amount: 



We can rind the equilibrium for this model by assuming that there are no changes 
in the system, so 



1 

CmO 



The feasible (positive) equilibrium point is (P - l/v^tC^), G - l/VCc^c^)) If 
we now put these equations into a Stella model and run it, we rind that the equilibrium 
point is not stable. Instead, if we start anywhere away from the equilibrium point we 
generate an economic cycle that is quite similar to that seen in the price-commodity 
oscillations above, except that these oscillations do not dampen out (Rgure 7.10, 

For any initial conditions and any combination of parameters (except the ones 
that ciAbh the model, taking the trajectories to the negative quadrangles), the tra- 
jectory continues to cycle around an ellipsoid, with no indication of convergence to 
the stable state. It is not quite clear how to modify the model in such a way that the 
trajectories lead to equilibrium Apparently the supply/demand curves that we are 
cfuxjsing (see 7.5 and 7.6) are symmetrical, so we keep cycling around the equilibrium 



ystems Science and Modeling for Ecological Economics 



200 00 ■ 



100 00' 



COO 



1 Goods v. Price 























— 




150 00 


30C 


.00 -150 00 



Goods 



Figure 7.1 1 



Cycles in the Commodity-Price model. Dynamics in ihe phase plane (P,G). 
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Converging cycles in the modified Coir mod ity-Pnce model Dynamics in the prase 



without approaching it. One possible imdification of the model that seems to make it 
converge is tt we describe the commodity dynamics as: 



it 



,. pi 5 _ 



In this model, with c ?i = 01, c ff 2 = 02, - 0055, = 6.05, we can gen- 
erate a slowly converging trajectory. Note that it took 6,000 iterations to generate the 
curve shown in Figure 7 12. Besides, this converging model appears to be structurally 
unstable, since even slight modifications in the formulas used or in the parameter set 
result in non-convergence or a crash 
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Exercise 7.4 

Put together the Price-Goods model in Stella, or download it from the book website 
Try to find another function or set of parameters that would make >t converge faster. 



Let us consider another for- 
mutation for the same system. 
Instead of looking at just the 
price acid commodity, let us cqiv 
sider three variables: price (Ph 
supply (S) and demand (£?). The 
supply is assumed to be somewhat identical to [he amount of commodity considered 
ear her. The demand will be treated as the reverse of supply. The Stella equations can 
then be as follows: 

Dernand(t) = Demandit - dt} + (D_up - CLdown} * dt 

I NIT Demand = 90 

INFLOWS: 

D_up - 1/C_d1 /Price 

Just as m the previous model the higher the price of the commodity gets, the slower 

the demand grows. 

OUTFLOWS: 

D down = C_d2* Price 

The higher the pnce the faster Che demand will actually decrease 
Price(t) - Priceit - dt) + fP_change) * dt 
IN IT Price - 100 
INFLOWS: 

P._ehange - C_p " (Demand-Supply) 

1 1 ihe demand exceeds supply, then the commodity becomes scarce and rhe price 
goes up It goes down if more of the commodity is supplied than is demanded. 

Supplylt) = Supplyft - dt! ■+■ (S_up - S^down] * dt 

INIT Supply - 110 

INFLOWS 

S_up - C_sl * Price 

There r§ more incentive to produce a commodny if its price is high 

OUTFLOWS: 

S_down - VC_s2/Pnce 

If the pnce is high the commodity is less likely to be consumed. 

C_d1 - 008 

C_d2 - 01 

C_p = 0.01 

C_s1 = 0,01 

C_s2 = 0.003 

When C^s I = C_d2; C_s2 = C„dl we gee dynamics, which are identical to those 
previous: stable oscillations for all initial conditions. However, if these conditions do not 
hold then the dynamics are different While price is still displaying stable oscillations, 
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1: Demand v. Supply 
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Oscillating and growing lor declining! dynamics in the {D r S) pnase plane. 

Supply md Demand start to oscillate along an increasing (if C_dl < C_s2 or C__ 
si > C_d2) or decreasing (it C_dl > C_s2 or C_sl < C_d 2 ) trajectory (Figure 7.13). 
This is f ) very crude analysis of the system, however, it already shows that by adding 
another variable to the system we have modified the behavior quite significantly and 
generated some new previously unavailable trajectories. We can now represent a situ- 
ation when both the demand and supply change in a similar way, either growing or 
decreasing. The price dynamics, however, remain unchanged. Whether this corresponds 
to reality or not is yet to be figured exit. We still cannot make the system converge to an 
equilibrium state. 

Let us further modify the system assuming that Supply and Demand can also 
interact directly, not necessarily only by means of Price Foi the outflow part in the 
dynamics of S and D we will use the same assumption as above - that is, that the 
price P will define their value. However, we will now assume that the growth of sup- 
ply S is decided directly from the knowledge regarding the demand D for the com- 
modity, without the price dynamics being involved. Similarly, the growth of demand 
D will be directly determined by the supply of the commodity, and will be in reverse 
proportion to this supply. As a result, we will get the following system of equations: 



dD 
dt 



1 




D - —— 





for the model with direct effects between Supply and Demand 

We can either put together this model ourselves, or download it from the book 
website. 



A 
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1 Demand v Supply 
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Dynamics in the (D,$) phase plane for the model with direct effects between 



Supply and Demand. 



By just playing with the Stella model it would he hard to find the equilibrium in 
this model; however, some simple calculations with the equations will show that if 
c sl c ii = c Ji c d2i then there is an equilibrium tor anv 5 ~ l/(^iQ?P) and D = 5 

However, the equilibrium is unstable; if the initial conditions are displaced 
even slightly, we embark on a spiral ing trajectory like the one in Figure 7 14 This 
eventually brings one of the variabies to zero and crashes the model Some other 
interesting regimes can be obtained by playing with the pa ia meters and initial cnndi- 
timm. For instance, there is a trajectory (Figure 7.J5) that starts on a growing trend 
but then fur some reason reverses and brings the .system hack downwards towards 
an inevitable crash. It is yet to be figured out whether this kind of behavior may be 
lound in any real- life economic systems. Must likely, this is quite irrelevant to a real 
economy. 

We still cannot get any closer to the type ol dynamics that the economic theory 
assumes for our system. We have already generated several models that seem to com- 
ply quire well with our assumptions about the system; they have produced a wide 
variety of dynamics, but we still cannot get on the converging path that we are try- 
ing to model. Let us give it another try and build yet another model. 

Let us further shorten the information links and connect Supply and Demand 
directly, with Price generated only as a product of the relationship between the 
two Suppose there is some direct interaction between Supply and Demand that is 
not mediated by price. Indeed, we know that if we are offered one glass of water it 
may have a very high (perhaps even infinite) value for us and will be in very high 
demand When we get the second glass, we will probably also take it with thanks- 
After the fourth, fifth and sixth glasses, our interest wjl! quickly decrease and 
even become negative. We will no longer want any more water; our demand will 
become negative (we may even want to throw up that water). This is what econ- 
omists call diminishing marginal utility. Perhaps we can assume something similar 
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between Supply and Demand. For particular combinations of parameters and initial conditions we may 
get some weird trajectories. Here S= D= P- 12G;C_dt - 008, C_d2 - 0.01, C_p = 0,1, C_sl =0.01, 
C_s2 -0.01. 



for the whole market scale, and formulate a Stella model with the following set of 
equations: 

Demand! I) = Demand tt - dt! + [Dgrowth; * til 

INIT Demand - 120 

INFLOWS 

Dgrowth = 1 /C_d 1 /Supply-C_d2 * Supply 
Priced ) = Priced - dti + (Pgrowth) * dt 
INIT Price - 100 
INFLOWS 

Pgrowth - C_p* [Demand-Supply} 
S-jpolylt) = Supply (t - dt) t- (Sgrowth) * dr 
INIT Supply - 90 
INFLOWS: 

Sgrowth = C_s1 * Demand* M-Suppiy/Demand) 
C_dl = 0.009 
C_d2 - 0.02 
C_p = 01 
C_s1 - 0.01 

As you may see, we have Demand growing in reverse proportion to Supply, and 
decreasing in proportion to Supply. We also assume that Supply grows m proportion 
to Demand as long as Supply is less than Demand When Supply overshoots and 
becomes larger than Demand, it starts to decrease. For Puce, we assumed that it grows 
if Demand is larger than Supply and vice versa. 

A quick analysis of the model equations shows that there is an equilibrium S = 
D - S, P will a bo stabilise, hut it is fofltj to say where. Running the St el In 
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Stable focus in the Demand-Supply model. 
Dynamics in the (D-S I phase plane 




Figure 7.17 



Dynamics in the Demand-Price phase plane, 
The equilibrium for demand and supply 'S independent of initial conditions; hnweve-, the price equilibrium is 
decided bv the initial conditions lor price. 



implementation, we see that we get a stable focus (Figure 7 J 6); after a number of oscil- 
lations the trajectories equilibrate at one point in the (S,D) plane. The equilibrium is 
stable; no matter how we modify the initial conditions, we still arrive at the same point 
in the (S h D) plane or return to the same line in rhe (D r P) plane (Figure 7.17). This is 
still not quite a perfect solution, since Hie equilibrium price depends upon the initial 
conditions that we chose for the price. 
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Such dynamics should probably be expected, since we have built in rwo stabiliz- 
ing formulations in the model equations. One is m the Price equation, which always 
tends to return price to the value that is achieved for S = D. The other is in the 
Supply equation, which looks somewhat similar to the carrying capacity formaliza- 
tion we saw earlier. Here again, the equation works in such a way that S is always 
driven back to S = D. 

We have finally succeeded in reproducing the dynamics assumed in the system 
that we are analyzing. It has been quite a long process, trying numerous descriptions, 
model structures and parameter sets. We still do not have a lot of understanding of 
the system, and there seems to be a lot that still needs to be checked and explored 
with the models that we have built. We may, however, conclude that: 

• Economic systems can be also modeled with the stock -and-flow formalism used in 
Stella. However, it may be a pretty tiresome process. Most of conventional eco- 
nomics is constructed around the assumption of equilibrium. The economic system 
is thought to be at equilibrium, and whatever happens to it is "at the margin/' - 
that is, we consider small perturbations from the equilibrium. In contrast, most 
dynamic models consider transfer processes that analyze how to reach equilibrium, 
or how to jump from one equilibrium state to another. 

• The systems dynamics language is not very well suited for conventional economic 
analysis. The language of economics may he somewhat difficult to translate into 
the stock-and-dow formalism, especially when we are dealing with qualitative the- 
oretical systems without any particular data sets at hand. However, this is probably 
the case when modeling any qualitative systems, not only economic ones. 

• A careful analysis of model dynamics may shed some light on the system operation 
and its peculiarities. For example, our analysis showed evidence of price by itself 
not being able to bring the production system to equilibrium. We needed some 
additional stabilizing mechanisms to be included. 

• It is important to consider a variety of structures, parameters and initial conditions 
to understand the system dynamics behavior. Performing just a few model runs is 
insufficient to understand how the system works. 



Let us consider another economic system with some flavor of social policy in it. 
Suppose we are looking at the dynamics of large corporations vs small businesses. 
These will be the two major players (variables) in our system. The main difference in 
how they ope race is that there is hardly any competition between the corporations, 
which manage to divide their spheres of interests without employing market forces. 
The small businesses compete with each other and with the corporations. They also 
try to limit the growth of corporations by legislative means, which is also a non-market 
mechanism. However, corporations also compete with the small businesses for influ- 
ence upon the legislators. Let us see how such a system can develop in dynamic terms. 

The variables of our system are the corporations {we refer to them as Bigs, B) and 
the small businesses (Smalls, S). We suppose that B and S are measured in their total 
value (say, in billions of dollars). Both B and S are assumed to grow exponentially, 
so that the larger their si2e the more their absolute growth will be. The Smalls are 
controlled by self-competition. We think that their total growth in value is mostly 
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because of the growth in their numbers. Therefore, the larger the number, the higher 
the competition will be. Besides, the Smalls are suppressed by rhe Bigs: the larger the 
size of the Bigs, the more they limit the Smalls 

— =bS-dB- cS 1 
dt 

where b is the growth rate, c is the self-limitation coefficient and d is the rate of com- 
petition with rhe Bigs. The equation for the Bigs will be: 



dt 



1 - B 

MM 



Here, a is the Bigs growth rate and MM is a certain carrying capacity^ some max- 
imal limit set for the total size of the Bigs. In such a system with unfair competi- 
tion the only result is gradual elimination of the Smalls while the Bigs reach their 
carrying capacity. If the carrying capacity MM is set at a high level, the Smalls are 
entirely wiped out. If MM is small, then coexistence is possible. This leads to a possi- 
ble way to control rhe Bigs in a democratic society. The MM should be set at such a 
level that allows the Smalls to exist and develop. This should be done outside of the 
economic system, by a specific political process. The allowed size of the Bigs' devel- 
opment then determines the size of both the Bigs' and the Smalls' development. 



Note thai the so-called self-competition, in mathematical terms, is actually identical to carrying 


capacity. We can rewrite the equation for Smalls as: 




— = bS- dB-cS 2 = bsU- — 


- dB 


dt [ b/c 




Here, we have carrying capacity equal to b/c. Similarly, rearranging the equation for the Bigs, we 


can have: 








dt I MM J 




So tine whole asymmetry of the system is in the fact that the Smalls are impacted by the Bigs 


{the -dB term), while the Bigs feel no pressure from the Smalls. 



This may be just about the right time to put these equations into Stella and start 
experimenting with the model. Just to make sure that we are on the same page, let us 
compare our Stella equations: 



BiQs(t) = Bigsd - dtj (B_in - B_out} * dt 

JNITBigs - 100 

INFLOWS 1 

Bjn = a*Bigs 

OUTFLOWS: 

B„out = a*Bigs*Bigs*m 

Smalls(t) - Smallsd - dt) + (S_in - S_out) *' dt 

INIT Smalls = 300 
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INFLOWS: 
Sjn =s b*Small$ 
OUTFLOWS: 

S_out = d*Brgs+c* Smalls * Smalts 

a = 0.2 

b = 2 

c = 0.0003 

d = 001 

m - 1/MM 

MM = 30000 

The dynamics become much easi&i to understand if we check out the equilibria. 
Resolving the equilibrium equations, we get 

B = MM 



There are two points, and one of them seems to be stable. There could be a 
coexistence of the two, but note that the equilibrium for the Smalls can exist only if 
the expression under the square root is no n -negative; 

MM < — 



We can see that for the Smalls to exist, they Have to make sure that MM is suf- 
ficiently small (Figure 718) The decisions about such external controls are made in 
a political process; which may be assumed to be democratic. In this case, since the 
number of Smalls is always larger than the number of Bi^s, we may hope that the 
control over MM will be successful- However, in reality the "democratic" process is 
largely influenced by lobbying, which in turn is defined by the amount of moneys 
spent to influence the politicians. Let us add the lobbying process into the model 
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Figure 7.18 



Crash of Smalls if carrying capacity established for Bigs is not small enough 



Suppose fhat both the Bigs and the Smalls spend a certain portion of their 
wealth on lobbying fe and /, respectively). The size of MM will be then determined 
by who spends mnr«. 

The equation for Smalls will now be: 



For Bigs, we have 



~=b$- fS - dB - cS 2 
dt 



m 
di 



aB 1 



B fS 
MM eB 



eB 



Here, we have added the loss of wealth for In h hying (jS and l'B) and modified che 
carry mg capacity, assuming thac it is now a function of BIS - ir grows when eB > f% arid 
declines otherwise. The model dynamics seem to be more complex now. By simply run- 
ning the Stella rotxlei ii may be hard to figure nut what h going on. It we have nor put 
together che model ourselves, we can download it from the book website. Playing with 
the iruxlel, we rind that there does not seem to be a state of coexistence any longer If 
che Smalls prevail, in most cases by inc reasing their spending on lobbying, che Bi#s can 
turn iimtirtij the dynamics and wipe nut the SnudU entirely, as m Figure 7-19. 



A small company called TerraCycle has starred in produce fertilizers from worm droppings 
Organic waste is fed to worms and the worm poop compost tea is bott-ed as ready to use plant 
fertilizer, using soda bottles collected by schools and other chanties. Starred by college srudems, 
after five years in business TerraCycle was expecting 10 reach $6 miilion in sales in 2007 finally 
makmg some profit. This did not look good to the $2.2 bullion giant Scotts Miracle-Gro Company, 
which has 59 percent of the plant food market. 

Scotts claims that the two companies' products look similar and will confuse customers, 
because some TerraCycle plant foods have a greemand-yellow' label with a circle and a picture 
of flowers and vegetables on it. Scotts also objects that TerraCycle ssys its plant food is as good 
or bp tier than "a leading synthetic plani food"' 

Clearly, the expectation is that a small company will not be able to survive a rr.aior lawsuit 
and will go out of business The Bigs compete with ihe Smalls. 



1 Bigs 2: Snralls 




Figure 7.19 



Crash of Smalls caused by Bigs increasing their lobbying efforts. 
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As tm*L ed n ofkptfOkJwQ And dM>*Br (ftcrttM, Ajnanrj ? itxAi^j 6! aHernan^ 
Mure** oi enea(rv ft™»iti*i Myr *w mn. wind w b»Ofl** «■ small plavpra The coal 
induitrv is . Sui msduong «wgv Km OOtl cm cnK mpeasa rha arnoun t of CO^ n Ehi 
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winlfi i^jirig r-ro tuoJ "ho jycdm^CHi pnx«*i OWN plmo*i ■ titf tfrWri diCTtda tor evarv 
barrsl ol «quid 1^el. Besides. ™wg wiH flevi^t04<* tandfflm «n| watei. ard wit hardly M 
lor cm long II inswsd of ptiiolBLrr^ ^ tun 10 bum n mum wt tosoma- report, 

the SOU-yeai supply -dF coal 15 ^51 W ^w^pimM A a mCz* Maly Id afl «vy tor 20-30 )evs 
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Iti Mil in tha) lorm<tf hqud fuels. 
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noih^ 1 n«id R*C^*fl A Cwwr. ^ Vf*t^>_' De^nocfa - ! v-'ki waa Mouse nrajiorrtv 
leadarfrom 1999 to TfidS and* tan&amk* rial D*mocraclc prwdsrifttl nomanation in 1968 
andZOCKl tp h*lp "W** rts ca*a « UJnym 

Do VOU thmk <1 wn| vy*4 * %u Ml 
Bafad on &9Fnvr^ I Anorewt Xawunaiif i% Puafi tar Bg Sdbai^-ea J ar Coal Frooass: ^o- 
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C_cap_gr is che rate coefficient, which tells how much investment capital the 
economy can generate. The capital will he spent for two purposes. One is to fund 
further economic growth, C_dev; the other is to restore the resources, C_env. The 
equation to spend capital wlII be: 

~ C cap sp^Capital 

C out = = — 

DT 

C_cap_sp is the proportion of capital spent. If C_cap_sp = 1, all capital is reinvested. 
Note the division by DT that makes sure that this is independent on the time- 
step. C_out is divided between C_dev and C_env according to the control param- 
eter F_dev, < F_dev < 1. 

F_env = 1 — F_dev indicates that whatever is left from the economic invest- 
ments is spent on environmental restoration. The amount of resources will then 
grow in proportion to the restoration efforts: 

R_in - C_restor*C_env + C_self*Resources, where C_restor is the efficiency of 
restoration and C_selPResources is the process of self-rehabilitation, self-restoration. 
The resources are used for economic growth at a rate of 

R_out = C_env_des*D_growth. 

Of course this is a very simplistic model, very much along the lines of neo- 
classical economic theory. We assume that icsources can be always regenerated or 
substituted. However, for the moment let us assume that this is indeed possible and 
see what behavior such a system can display. 

We have already considered some preliminary dynamics in thus model, when dis- 
cussing the different integration methods (Chapter 3). We have observed dynamics 
that do not seem very sustainable: after an initial rise in development, the resource 
base is quickly depleted and the economy crashes. The population continues to grow, 
which is obviously unrealistic and begs for some improvement. 

There are many obvious additions that can and should be made to the model, 
but before we go into any further details let us analyze the model that we have 
already put together. Fust, let us play with some of the parameters. We assume that 
the model has been put together in Stella or another modeling package, or down- 
loaded from the book websLte. 

First, if the resources crash, how can we sustain them? In the model we have the 
parameter F_dev, which defines what fraction of the capital is spent for development. 
What is left is spent on restoration. We had F_dev = 0.9. If we decrease the coefficient 
to F_dev - 0.6 we will get a perfect growth pattern, where development is generating 
enough revenue to provide for resources recovery - a world vision of a technologic 
optimist (Figure 7.20). 

However note that the growth trajectories are in place because of a very high 
efficiency of our restoration procedures (C_restor = 0.5). If we decrease it to } say, 
0-1, we will be back to the nse-and-crash scenario. There seem to be only two ways 
the system can possibly develop: one is runaway growth, where ail the elements gtow 
to infinity; the other is rise and crash, where after a period of initial fast development 
the system variables decline to zero. 

Since rhere is no feedback at this time from the other system variables to 
Population, let us single it out and see how the system behaves if population is assumed 
constant and at equilibrium. Now we find that the infinite growth behavior becomes 
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T : Oevelopmeni 2: Capital 3 Resources -J Population 




1,00 188 25 375 50 562.7 5 750 00 



A technologic optimist world view. 



very robust Even if rhere is no restoration available, C_restor - 0., and almost every- 
thing is reinvested in development, F_dev = 0.8, we still have the system evolving 
along the growth curve. It does crash when F_Jev = 09. One curious conclusion 
already emerges from this: Apparently the human component is extremely important 
when analyzing sustainahility. With a small and fixed number of people, the deve lop- 
men c growth \s controlled only by Capital and Resources. This allows development to 
grow gradually, based on the self- recovery uf resources. SuMaLnabihty is possible when 
development is based only on the existing resource bese. It is really the growing human 
influence in production that destabilizes the system, 

It the Population is so important, let us bring it back into consideration and also 
look at some of the obvious feedbacks that the rest of the system should have with 
respect to the population. One thing that seemed quite strange in the original model 
was that Population continued to grow ad infinitum even when all the resources were 
gone and the economic system had crashed. Actually it w:M this infinite growth 
of Population that broke up the model, both for the Euler and the Runge-Kutta 
methods. 

Let us assume that when resources are depleted, mortality increases (this can be 
due to, say, a decrease in air and water qua lity): 

C_mortality = C_morta1ity + . 

J -t- C_mnr_env*Resources 

C_mor_env is the rate of environmental effects on mortality. Note we wrote ! + C_ 
mor_env*Resources to make sure that we do not get a division by zero in case 
Resources become very small. If Resources are plentiful, this equation returns a value 
almost equal to the original mortality coefficient. However, as Resources decrease, 
mortality rate starts to grow. As a result w*± get the osei Hating "^rOw -and -crash" type 
of dynamics, where all the elements of the system initially display rapid growth, fol- 
lowed by an equally rapid decline as resources become scarce (Figure 7.21 ) 

If we further increase the development by allocating more capital to economic 
growth, the pattern becomes somewhat chaotic, with sudden outbursts of develop- 
ment followed by even steeper declines (Figure 7. 22). 
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The grow and crash pattern of dynamics, F. dev - Q.9. 



In any c^se, this is definitely nor the type of dynamics we would call sustainable. 
Let us try to introduce so ire self limitations into the system that could potentially 
dampen the oscillations. We will make the decision about the investments based on 
the current availability of Resources, If Resources are plentiful, F_dev is unchanged. 
When Resources decline, f_dev decreases, so that F_env = l-F_dev can increase 
and more will be reinvested in restoration. The s -shaped function, discussed among 
other functions, seems to be a perfect choice to provide this type or" behavior 

r , 0.7 * Resources 2 

r_dev r 

C_half' + Resources- 

where CJialf - is the hall saturation parameter which in this case is the amount or 
resources at which F^dev is to be halt" of the original This is some sort of an adap- 
tive management that is embedded into the system, We are trying to make the sys- 
tem react to the changing conditions and adapt accordingly. As a result, we get a 
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S j stain ability" in a model with "adaptive management." F_dev - D.6. 
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Changes in mortality and investments that stabilize the system 



behavior of the system that may he called Siistniriiible, Afttrr an initial peak in ec&> 
nomic development, the system returns to a nonzero condition which persists. 
The resources <ire nut depleted, the £apuj&ttnn is no: too large, and the economic 
development 15 such chat it sustains the population anil the regeneration of re>ources 
(Figure 7.23). 

The adaptation is provided by changes in the mortality rate and m rhc invest- 
meni strategy, as shown m Figure 7.24- Is this the scenario humans mi^hr fol- 
low, where adaptations and adjustments are made only when it is too late and the 
Resources have declined to a relatively low level ' 

We could claim that we have bulk a model of a sustainable system, if it were not 
for the fact chat the model turm oui 10 be structurally t|uite unstable. If we start from 
a different initial investment strategy and make F_dev - 0.8 t we put the system into 
stable oscillations, as displayed in Figure 7.25. 

If we further increase the initial investment into development, the system oscilla- 
tions become chaotic. Figure 7.26 presents the cycles in the phase plane for Resources 



Systems Science and Modeling for Ecological Economics 



T Development 
U 5 00e+O7 
2: 500000.00 
3 3000000.00 
4; 100000.00 



2 Capital 



3- Resources 



4: Population 



i! 


2 506+07 


2 


250000 00 


3: 


1 50000000 


A: 


5000000 


1: 


00 


2 


COO 


3 


0.00 


4 


0.00 



080 
0.04 




1.00 



1250 75 



2500.50 
Years 



3750.25 



■,occ oc 



Figure 7.25 



System dynamics and adaptations with F_dev = 0.8. 



and Population, Development and Capital display similar chaotic oscillations. Jt is not 
quite cleat what the future of this system will he. If instead we decrease F_dcv and make 
it equal to ^ we get yet another entirely new behavior: steady growth of the economic 
subsystem with a very low resource base (Figjte 7. 27). Apparently all the resources are 
very efficiently being used tor economic development, with the population entirely 
careless about the state of the environment as long as development is ensured. 

It F_dev is further decreased, the growth becomes so rapid that the system 
quickly falls into discontinuous jumps and falls, clearly indicating the insufficiency of 
the numerical accuracy of the computer calculations. In reality, it is simply because 
numbers become too large for the computer to handle properly. 

This numerical insufficiency deserves some further consideration. In Figure 7 28 
we present the model trajectories achieved when, instead of the quadratic switching 
function for F_dcv, we use a function of the Michaelis-Menten type: 

, 0. 7 'Resources 

F_dev - - — — - — 

C_half + Resources 
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Chaotic cycles of Popuiaiipn and Resources when F_dev = 09 
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Changes in mortality and investments that stabilize the system. 



1: Development 

7.00e+09 

7 Q0e+07 
6000000 00 

5.0Ge+1G 



2 Capital 



3. Resouices 4: Population 



1 


3 ^Oo-^CD 


2 


3.50e^07 


3: 


3000000 00 


4: 


2.50e+10 


1: 


0.00 


2. 


0.00 


3; 


0.00 


4: 


00 




500.75 



1000.50 
Years 



1500,25 



2000 00 



Figure 7.28 



Model crashes caused by computation error. 



On one hand, H we look at the averages, we get some sort of system persistence 
Population keeps growing in spite of sharp drops every now and then; the economy 
also grows Resources are restored after being depleted. Some might call this sustain' 
ability- In theory, if the computation step was made infinitesimally small then these 
crashes could be removed. However, m real life adaptation* are not made instanta- 
neously; there is always a time lag between the cause and the effect, and it always 
takes time to make decisions. Therefore, n may he argued that the reahhfe system is 
also discrete, wirh a certain rimesrep h and thus such "crashing 31 systems are probably 
inevitable when growth becomes too fast to track and to master- 
Some of the conclusions irom this study are as follows: 

• The behavior of an ecological-economic system is quire complex and hard to 
control. We may create some behavior which might resemble sustainable devel- 
opment; however, it seems ro he very much dependent upon the particular param- 
eterization ot the model- 
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• Ir is important to test the model with a variety of" parameters and formalizations to 
make sure that we have really captured the essence of the system dynamics. It is 
wrong to jump to conclusions about system behavior based upon only one model 
lealization. 

• The neo-classical paradigm quite often results m system behavior that is focused 
on economic development, where ecological resources are used only to provide for 
further economic growth. This may be well in conflict with other human priori- 
ties, such as environmental quality and human health. 

7.5 The end of cheap oil 



And we ought not at least to delay dispersing a set of plausible fallacies 
about the economy of fuel, and the discovery of substitutes for coal, which 
at present obscure the critical nature of the question, and are eagerly passed 
about among those who like to believe that we have an indefinite period of 
prosperity before us. 

W.S. devons, 1865 



Water and energy are the two lenewable resources that are essential for human live- 
lihood, Whereas we have been mostly concerned with non-renewable resources as 
the human population grows in size and in terms of the impact that it has on the 
biosphere, renewable resources become equally important. Renewable resources may 
become [uniting if the rate of their renewal is not fast enough. Renewal of water is 
dependent on energy. Production of energy, especially of renewable energy (biofuel 
and hydro), is dependent on water. In both cases, for energy and water, we compen- 
sate the lack of flow by digging into the stocks. The fossil fuels are the non-renew- 
able reserves that we are quickly depleting. It is actually the stocks that have allowed 
humans to develop into a geological force (Vemadskii, 1986) which may very well 
bring itself to extinction, unless we find alternative development goals and para- 
digms. As with energy, we are compensating for a lack of water by extracting from 
fossil groundwater reserves, In both cases this is an unsustainable practice thai leaves 
future generations dry, with no safety net to rely upon. 

We looked at water m some detail in Chapter 6, Let us now focus on energy There 
has been much discussions lately about the so-called "peak oil. ,( Back in the 1950s, a 
USGS geologist, King Hubbert, was observing the dynamics of output from individual 
oil wells and noticed that they seemed to follow a pretty similar pattern, At first their 
productivity was low, then it gradually grew, until it peaked and then followed a pattern 
of steady decline. He has generalized these observations over multiple oil wells in vari- 
ous regions, and foi the contiguous US he came up with a projection that said that oil 
production across the whole country will peak- He even estimated when ir would hap- 
pen - in the early 1970s. It turned out that his projection was remarkably close to what 
happened in reality (Figure 7.29). The next obvious step was to apply this same meth- 
odology to world oil production. According to those projections, the peak is supposed 
to happen some time really soon - by some estimates, it has actually already happened. 

Why is peak oil such a big issue? Primarily because the demand for oil continues 
to grow exponentially, which means that as soon as oil production peaks there will 
be an increasing gap between demand and supply. For such an essential resource as 
energy, this gap may result in catastrophic outcomes. 
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US oi! production 1850-2050, as predicted by the peak oil theory of King Hubbert and in 
reality. The dashed Irne is Bubbert's prediction. The solid line is the actoal extraction. Note that the timing of 
the peak was prerj 'cted almost exactly. 



Both energy and water belong to the so-called Critical Natural Capital category, which means 
that they are essential tor human survival. As they become scarce, they exhibit high price- 
melasticity of demand, so that a small reduction of quantity leads to a huge increase in price 

A small decrease in supply will lead to an enormous increase n price, so that total 
value (price x quantity) paradoxically increases as total quantity declines. This is true for any 
resource that is essential and non-substitutabie. As there s ess water or energy available, 
the price quickly increases towards infinity. This creates havoc with markets and pretty much 
puts the whole system out of control - as we saw during the energy crisis of the 1970s 
While energy and water are abundant, Their value is low. it may seem that we have an infinite 
supply and there is nothing to worry about. However, as depletion accete rates, even small 
perturbations due to unforeseen climatic events or technical malfunction may result in dispro- 
portionate changes in price. 
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As pointed out in Chapter 6, as Jong as we rely upon purely renewable energy and water, 
tney are non- rival a^d ngn -excludable However as we need to dip fnto reserves of fossil 
water or energy, or even into the temporary reserves [lakes, reservoirs, or forest and crop 
biomassh immediately The resources become excludable and rival As resources become 
scarcer we easily create conflict situations (water and energy wars, one of which we are 
waging right now] 

(Farley and Gaddis 200 /1 



While most official sources have been quite reluctant to discuss this issue, in 
2007 se vera I publications appeared indicating that there is a growing concern even in 
circles closely related to governments. In July 2007 the International Energy Agency 
(IEA), an arm nf the Organisation lor Economic Cooperation and Development 
(OECD), published the "Medium-Term Oil Market Report." The report predicts truit 
world economic ;iccivity will grow by an average of 4 5 percent per year during the 
next several years, driven largely by scrong growth in China* India, and other A*ian 
countries. Global oil demand will, ai a result, rise by about 2.2 percent per year, push- 
ing world oil consumption from an estimated 86. 1 million barrels per day to 2007 to 
95.8 million barrels by 2012 If there are no catastrophes and there is ample new 
investment, the global oil industry may be able to increase output sufficiently to sat- 
isfy this higher level of demand - but if so, barely. Beyond 2012, the production out 
look appears far grimmer. And remember that this U the best -case scenario 

Let us see what we can rind out about the future of oil supplies using some sim - 
ple dynamic modeling. Suppose we have a stock of oil. Since it is a norv renewable 
resource, it is safe to assume that it is limited. There will always be oil in the ground, 
bur it is quite clear that eventually we will run out of the energetically profitable 
resource. So with this stock comes just an outflow, which we will ca 1 1 Extraction. Lei 
us resume that Extraction is driven by Demand. Demand is exponentially growing, 
just as tt has been over the past years: 

Demand(t) = Demand(c - dtj + {Growth) * dt 
Growth = C_grow * Demand 

Besides satisfying Demand, Extraction should also product" enough to power 
Extraction itself. This is what is known as die EROE1 {Energy Reruni on Energy 
Invested) index. If e LlL;r is the amount of energy produced and e m is the amount of 
energy used in production, then EROE1, e = e iXf1 /e m . In some cases the net EROE1 
index is used, which is the amount of energy we need to produce to deliver a unit of 
net energy to the user: e' = e w '(e !lur - e in ). Or e' = e/(e - 1 ). 

To account for EROEI, we put: 

Reserves(i) = Reserves^ - dt) -f (- Extraction) * dt 

I ' 



Extraction ~ Demand * 



eroei 



It also makes sense to Hssume that EROEI is not constant. In fact, at some point 
we had oil founu.im ns out of the ground, so we just needed to collect and deliver 
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The parabolic dependency between the EROEI index anri the amount of reserves stil! 
available The fewer reserves are left, the more we need to invest m production. 



it; now we need to drill kilometers deep into the ground and pump the oil nut, (hen 
pump water or CO 2 in to push some more oil our, and so on. The energy return 
has declined from over 100:1 in rhe 1930s to 30:1 m the 1970s to around 10:5 in 
2000. EROEt i& a battle between technology and depletion, and depletion h win^ 
ning. In the future, more energy invest men: will be needed, taking energy out of a 
non-energy socieiy. 

Let us assume chat EROFd drops with Reserves decreasing, according to the par- 
abolic function shown in Figure 7. 30 Then 



eroei = e mi 



Reserves 



r mi 



assuming that e_ini = 1 00 is the original EROEI and that r_ini = 1000000000 is the 
nrjgin&l stoclc of oil in the Reserves. 

Jf we run this model, we will get an expected result: the growing demand will cer- 
tainly deplete the resources (Figure 7.31). What is noteworthy about this graphic is 
the power of exponential growth. While we have very slow, almost negligible change 
over a long initial period of time, things start to accelerate tremendously by the end of 
the season. Most of the change is compressed into a rather short period of time, when 
action is really needed, hui thert is very limited time to do something, Also, note bow 
much faster we need to pump out 
our reserves to supply the demand 
as reserves become depleted - 

It is also noteworthy that the 
values of the parameters that we used 
in this model do not really matter. 
The exponential growth or decline 
has a vivid trace that shows through 
any modifications in parameters. 
We can even try smother function 
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Figure 7.31 




Figure 7.32 



The s-shaped EROEI lunction producesvery similar results. 
We may argue that the model is structural quite stable. With qualitatively similar a ssumptons about the 
driving forces and processes, the exact formulations and parameter value do not matter that much. 



for the ER0E1. Suppose we choose an s-shaped one (remember that which we dis- 
cussed in Figure 2 .20'): 

e im*Reserves' 



cr^et 



r mi 



Reserves 2 



For this junction we aUo get a similar pattern, with very slight change? in rhe 
trajectories (Figure 7.32). Once again, the last drop of oil is extracted at an exceed- 
ingly high rnte 

However, it could certainly be argued chat there \$ other energy out the re ( and 
there is really no reason to expect that we arc so ignorant nor to realize the immi- 
nent crash and not to start e^plonn^ alternatives, us add alternative sources of 
energy tti our model, Det us assume that the infrastructure for alternative energy & 
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being produced ac a cercain slow rate {a_gjc.) with no big success uncil che EROEI 
for oil falls below a cerrain recognized threshold value (eroei_t). After that we start 
rapidly investing in alternatives, making them grow at a rate of a_g: 

Alternatives(t) = Alrernatives(t - dt) + (Alt_gi) * dc 

Alt_gr — if eroei < eroei_t then a_g :|: Alternatives else a_g_c 



The assumption here is that once we change our attitude to Alternatives we can 
get them built up really fast by creating a positive feedback from their growth. This 
seems to be quite feasible if we agree rhat as the new technologies get developed they 
create synergies for their further development. 

There is also the EROEI for Alternatives, eroei_a. In this case it will mostly 
likely grow as new alternative infrastructure is put in place. Suppose we use a monod- 
rype I unction with saturation: 

e_a_rnax * Alternatives 

eroei_a = e_a_min + 

Alternatives + e_a_hs 



where e_a_min is the minimal starting eroei_ a, when new technologies are only start- 
ing to be deployed. It makes sense initially to have it ac even less than 1, reflecting 
the fact that at first we need to invest a great deal with very little return. e_a_max 
is the maximal eroei_a and e_a_hs is the half-saturation coefficient that tells us at 
which level of development of alternative energy (Alternatives stock) we get eroeLa 
equal to half of the maximal. 

We also want to modify the equation for Extraction. 



Extraction = if Demand > Alternatives then Demand * 



+ 



I 1 



eroei 



a eff*Alternatives* 



eroei_a , 



else 



The logic here is that if all the demand can be covered by alternative energy 
(Demand < Alternatives), then there is no need to continue extraction of fos- 
sil energy, and Extraction = 0. Otherwise, we need to extract enough to cover the 
demand. The alternative infrastructure chips in wirh the efficiency a_eff (a negative 
term m the Extraction equation), but to produce this alternative energy we need to 
invest l/eroei_a (a positive term in the Extraction equation). The higher the eroei_a, 
the less we need to run the alternative infrastructuie. 

Let us run the model with the following parameter values: 

a_eff = 10, a_g = 0.2, a_g_c = 100, c_grow - 0.03 

eroel _ r = 20, e_a_hs = 500000, e_a_max = 10, e_a_mm - 0.5 

e_ini - 120, r_mi - 1000000000 

We will mostly be concerned with general qualitative behavior, and will not try 
to figure out what the real values for these parameters are (which is also a very worth- 
while effort). For now, let us explore what the overall system dynamics are. With the 
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If we start investing tn Alternatives too late, we only accelerate the crash of the system. 




BTWIf!WE*M Early investment in Alternatives, while there is still ample supply of conventional energy, 
allows for a smooth transition lo renewable energy. 



values above. Alteratives make almost no change to the system (Figure 7.33). On 
the contrary, investing in the alternative sector when we are already pumping out the 
second half of our reserves only accelerates the a ash- Changing different parameters 
related to Alternatives efficiency does not seem to help. Tne system still crashes 

What does help is changing parameters related to the timing of the swirch 
to alternatives. If we start developing alternatives when the EROE1 of traditional 
energy is still as high as shout 60 or more (eroei_t > 58), we get a completely differ- 
ent picture (Figure 7 3 4) The same opportunity exists if we have been slowly devel- 
oping alternatives since the very begin ntng (a_g_c - 1000). In these cases we have 
a pretty smooth transition from fossil* based energy tu alternative energy, with eKtrac 
tion going down to zero while there is still plenty of oil Left in the ground. 

Obviously other factors will kick in, such as limited land resources, so it is a 
major simplification to think that indeed we will be alwavs able to provide for the 
exponentially growing demand. However, in terms of energy we can do it (or, more 
likely, could have done it). That is if we had started the transition early enough to 
provide for the new alternative infrastructure. To rind out more exactly how late 
we are arriving at rhe show, we will need to find sortie more realistic values for the 
parameters. In this case, there are several parameters that do matter. However, uuah- 
ryrively ir seems that the half depletion threshold is an important factor in these 
dynamics. If we start the transition to the alternatives well before we have half 
depleted rhe resource, there is enough to fund the development of the new alterna- 
rive infrastrucrure If we procrastinate any longer, the crash is imminent. 
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have supply, and to a level chat can be sustained. Ironically, in many places we have 
exactly che reverse: population is growing most rapidly where water and energy are 
least tivailahle. Com ■■ eying energy erenr.es inoi e tosses: current! y up ro twt> thirds of 
electric energy h Inst in iransmission. Conveying water requires much energv, and 
also results in sign i he, -mi losses due to evaporation and seepage. 

There is a clear correlation between energy consum prion and economic devel- 
opment (Figure 7,35), Ar the saene time, there is no obvious correlation between 
GDP and riuch mdiuimrs hs 1 ite malefaction or life expectancy £ Figure 7 .16). We can 
see rhat with no sacrifice to life quality indices we can at least halve [he per capita 
GDP, and Therefore energy consumption. It is really a matter of choice, social attrac- 
tiveness, and cultural priori ties. Thess? can be changed only with ;i strong leadership 
that should he advanced and promoted by the federal government. 

Decreasing consumption may be an unpopular measure ihat makes lederal 
involvement especially important. So hit, most of the advertising industry is working 
towaids increasing consumption, buying things that we do not need, wasting more 
energy tiod water. Only federal action can stop that and help to shift awareness of the 
population towards conservation and efficiency: Increasing efficiency in all areas - 
industrial residential and agricultural - is another clear focus begging for action. 
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mai*i*idzmMtim A. Relationship between GDP per capita and life expectancy based an 2D05 World Bank 
data for 184 countries (hnp://rievdata.worldbank org/quBry/default.htm). B. GNP and Lite Satisfaction Index for 
2000 (Veenhoven, 2004; another great source of this kind of information is http://www.gapminder.Drg/vvorid/) 
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Compare productivity per capita in the USA and Japan They are at a comparable 
level, and are actually the best in the world, Yer Japan needs only half of the energy 
that the USA needs! Japan erruts 9 5 tons CO2 per capita, whereas rhe USA emits 
19 7 cons COi per capita - roughly proportional to the energy 1 consumption ratio of 
the two countries. That shows an obvious way to cut GHG emissions. 



7.6 The World 

So far we have been trying to focus on some very simple models, the dynamics of 
which we can carefully explore to reveal some ol rhe emergent properties and sur- 
prises in systems' behavior These models easily tend to become more and more com- 
plex. As we find more connections, processes, factors and parameters that seem to 
be important tor the overall system's dynamics, the enticement ts very strong to add 
them to the model, because, indeed, they seem important and the model would not 
look relevant without rhem Sometimes we promise ourselves chat we will try to sim- 
plify rhe model later on, after miming serSsitivity unalysis, and finding parameters 
and processes that are not really making much of a difference. Quite often we forget 
about that, especially if we are happy with the result* that we are getting, and we 
tend to care less about the more elaborate model analysis that would be nice to per- 
form if the model were simpler 

As a tesult we tend to build models chat may be classified as knowledge bases, 
since they contain a huge amount of information, and probably present the best state- 
of-the-art knowledge about particular systems They are certainly way more advanced 
than simply databases, since m these models we have data sets linked together: there 
are casual links that indicate how one process affects another one, what the feedbacks 
in the system are, and how one data set is connected to another one. This abundance 
of information that is embodied in the model comes at a price: we can no longer dig 
into the details of systems dynamics and wc have ro keep rhe processes quite sim- 
ple, otherwise we will not be able to run the model. And we still need to be able to 
run these models, at least to make sure that the information they contain is consis- 
tent t that the logic of the links and relationship works, and that we get a meaningful, 
coherent picture of the modeled system 

Most of the models that have been developed to describe the dynamics in the 
global scale belong to this category. One of the first and probably best-known mod- 
els of the world is the World 3 model by Donella and Dennis Meadows and their 
colleagues (Meadows et al, 1979). (World 2 was built earlier by Jay Forrester.) The 
model brought together information about several main subsystems: 

• The food system, dealing with agriculture and food production 

• The industrial system 

• The population system 

• The non-renewable resources system 

• The pollution system. 

The non-renewable resources have probably caused the most controversy and 
debate, since in the model there is a finite limit to the amount of non-renewable 
resources that can be extracted Besides, all non- renewable resources have been lumped 
into one. This allowed immediate and costless substitution of one non -renewable 
resource (coal) for another (say, gas), but excludes the substitution by other resources 
through new technology that science and engineering are yet to discover. 



rig ?^of:ir>- From mir. \ 
[ hi k ur,tf* TLinf j^i'-ifr^.Ti iipf. iv-l rn he- i u TfJ Iv: ki -in tn*. k i.rh 

ill . rrJi* rwi . . J r|it> K-i rH - f-cp- nhi >Am r " Wm±h H-^yr ~K 

— ilal .-h^p m> thr i-p-p- tvi (L< kvli-^inV,!! r.rtc iL n,n | r iu jrJ 
iiruiiiHB i ivi h l juuh% uur kk'ilninii Irpr JhiJtr .urn fipiniihr 
■ AT*. jlI I . bu nh i m i "irwn n 1 ■ il +»r iijk mik l?ytuiiul~ . t. h^li |w« *or* " 
P4! t< ^ - Tp*v ^ *\ k* 1 1 ^ ^ . Jc - r luvi-1 i <JL< ,*■ f 'Jl ^ ■ r_- it* Ht r - 
mJ ■ i|4uri 'U W. »kM -in Oil Ni /tVjMlitl - *I-J "u" l\rf ^-vi fill rp !? 
M.jir i Miat vi il n :ul * t i i m rjj,4c I k *p|rurr ju jJ I */ pJv j: IuiI.ijj tfu * til : 
ri i i in^fi ,nnirl| pn ^fm krir irrlx Mirnki.vf kni^ tr.( i -il 

r*W" J Jiiif-" ->-%x. +^ i-! lj>-H Uf v.--«r .-^ »: ^rr D**.** i Sy ii wi 



l^md ymvLffiiiHJJi t <'f I pp. p ulf~*-I *m ■ • fJuLV*^? #ju ul> -5 I :w_ 
iw^'Ji m LJLJfiafJii r% jwta ail Uii^| (r (slriiy J rf-i rtr I i_ > -rr nr 

pM- ut---» V- » !■>.'■: F« r-FKaJMi ** 'WrJ J . r Ofl {BKM J- J in-: or^ b*T'* p TT^s T -. 
-'VWI ■U-J-*+r** .Wi" -H->-"-dl l^rJ^V-TnC flMuiT^l « /4 1V Jk-Jd X? Irfj'MS* r<a 

• ; p %» w . ' 1 1 Alp .-f. pIi . r* \ "#■« - ^ J u-, - r - i t -nj :.-■>■ ijp^ r- p= 1 o-^ 7 s W- 

V» b^iH ji J * Ad rw juju nu r| J i r ri In /vug .\-jr i ir! ri h.i4TT im P^e Utttv] 



I wn rrnwi J«E ! h rr Jr---j i 1,-jIjhJl 1 ^ aril uuiii in rki^igihAl huunt i l mn 
Aim *i Lli i in LuLbii.iJ.pr/h h Ln iied iifj .\ .ils rrj/w- 1 tirj I TfVHir - r rrry icri^- 
r .nrii A jiafr-pii "vpr il m^w, n.'-n tmi i v-Li "Vi>?Nii , -0 <r I^J: i>'i 

hIijI ibir iciiJkie piLkLpU-L^ I • 1 pit j 1 ., ^ -«t J t ii i i ! *Ji . r i^ijif . ■ I \ \ .i r ii;*r, ur am 
It* p - «■-»-■ j«.r r-v-lel nun *r-1 r*v,p FC-p-Jr It ICt-fp-Vh I « J- . ' ^ **pi :Vf 

Wlllinrii Stflhlov Jfftrtjti 1 . ■■ !3 ; iin'i P'tun^xriiBl. nuhcfld a 5t T anse phenom€fwin whfe stud^nc 
th* cpj|i iridustry iri. England as nure atf<:i&-T [blt^iljIoov is dftvelcipfrj. overall cyr^Lnn^ 
■ion daos nnl cJ-ktmsb toupllv, 20 ya-r& -wlipi Williams h3d wTttsr- 'The ectxiornv of ^1 
is ths. ucei (ha aconomv" tft live aUsanwengine. <t is tne twnrain gl us po*ei, and Tht 
adapled rn^asura ql its affects. l iVK-i«> b *cr tnarBVore, co-dijces to nrease the effiL^anry Lit 
OOll *"d 14 driTkifiiLh thpj uJ tte usa, direcrly lends io ai^manl in^ valu^- o4 The rtjfiam- 
erNpini, and to urUarga the iiasd or us op«rfliiort a rt rC.W WpkamB HB^i:', ThB Combust 
Ce* 1 , p. 9.) indwd. trw nwra ati^ie^.r Wai sTeirTrertgine brought abgui only greater coal 
consumption, since M was muie 6fflo*nt tha-n Oift Newc&m^-i e-ginc. and thcre-lora il was 
put InlO inui 6 wide-apre-da use- coal cofriQustinn -riCfEased We- see this happewg all 
(jit ijme\ As cars became dicapoir and mofo emt^nf, ws sjor rptore cais As elecUi-^Y ;>rid 
a.m4[ruetiQn t«C*me chaapef more etf-:ie"t, »n*e gLil Digger hcuses. Even ^Dhv, ^r^r. a 
naw super BniMyv-aMigiBm reftlgsratof is *natflted in our krtch*n, tfi* c*d o-*v* is mov<d to the 
ijnrfuja :i haya r w n refrigaraiai -■ wish the i:-.-nf:?quori hici _ er vncrgy ccn^urrDticn 



^ 1 : copulation 1 2 : food 87 

1 ; 1 20e+10 

2 ; e.00e+12 

3 : 4 00e+12 

4 : 32 00 
5: 2 00eil? 



1 : G 00e+09 

2. 3 00etl2 

3: 2.00e+12 

4 ; 16.00 

5: l.00e+12 



3 mduslnal out a* 4 p^oll index 143 5 nr resources 1/ 



1 : 

2 : 

3 : 

4 : 

5 . 




000 
00 
000 
00 
000 

1900 00 1950.00 
<J Graph 1 : Page 2 



2000.00 2050.00 2100.00 

Years 10:39 AM 967 6 



Figure 7 37 



A typical output from the World3 model. The system crashes when non-renewable 

resources are consumed 



The main result of this model was that it stimulated much discussion on several 
global problems, such as population growth, depletion of natural capital, pollution, 
etc. According to some esnmares, che number of lines of text contributed ro these 
debates has exceeded the size of The Limits to Growth" by two or more orders of 
magnitude. The marketing of che Wor)d3 model has drawn much attention to appli- 
cations of modeLs in politics jind policy-making. The unfortunate outcome is that 
norhing or very little has been actually accomplished to solve or mitigate the prob- 
lems that were brought to light by the model 

A more recent reincarnation of a world systems dynamics model 15 ihe Global 
Unified Metamode! of the Biosphere (GUMBO), developed by Roe lot Bon mans and 
other scientists at the Gund Institute for Ecological Economics to simulate the ince- 
grated Earth system with rhe implicit goal of assessing the dynamics and values of 
ecosystem services The model is presented as a synthesis and simplifies ion of several 
existing dynamic global models in both the natural and socihI sciences, and claims to 
aim for the intermediate level ot complexity, With Z34 state variables, 930 variables 
in total, and 1715 parameters, this may be a bit ol h stretch. We are certainly deal- 
ing with a beast of a different kind than that we have seen in other chapters of this 
book. If somebody thought that some of those models were complex - think again. 
However, indeed, there are certainly mote complex models available 

GUMBO is the first global model to include the dynamic feedbacks among 
human technology, economic production and welfare, and ecosystem goods and ser- 
vices within the dynamic t»;irih system. GUMBO includes modules to simulate car- 
bon, water and nutrient fluxes through the Atmosphere, Lithosphere, Hydrosphere, 
and Biosphere of rhe global system. Social and economic dynamics are simulated 
within the Anthroposphere (Figure 7.38). GUMBO links these five spheres across 
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Figure 7.38 



Overall structure of the GUMBO model Using the Stella array functionality, all the main 
spheres'' are replicated over the 1 1 biomes assumed in the model 



eleven biomes (Open ocean, Coastal ocean, Forests, Grasslands, Wetlands, Lakes/ 
Rivers, Deserts, Tundra, Ice/rock, Croplands, and Urban), which together cover the 
entire surface of the planet. 

The Stella version of the model can be downloaded from hctp://ecdinformacics 
uvm.edu/GUMBO/GlJMBOzip. Perhaps it would be most useful to download the 
model and do some clicking on the diagram to understand what it looks like and what 
it is doing. 

The dynamics or I I major ecosystem goods and services tor each of the biomes; 
are simulated and evaluated. Historical calibrations from 1900 to 2000 for 14 key van 
ables for which quantitative timer series data were available produced an average K 2 of 
0.922. For a model of this level of complexity, this level of correlation with data is very 
unusual and quite astounding. The only possible explanation is that we are working at 
a very aggregated level and there is not much variability in the data (Figure 139) As 
we can see, most of the dynamics are really still in the future, so it will take at least a 
couple of decades to find out whether the model projections are right or wrong. 

However, it needs to be stressed that, for these knowledgebase type models 
forecast precision and accuracy of the results are really not the point. They are not 
built to reproduce the exact day of collapse. What we are looking lor are the trends, 
the understanding of how the overall system performs This seems to be very well 
captured by the model, which was used to analyze the four scenarios of future human 
development proposed by Robert Costa nza in 2000. 
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Figure 7.39 



Calibration results for GUMBO, and runs of future development scenarios. 
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Costanza described these four possible futures m Costanz3 (2000). Briefly here is what They 
about. 

1. StarTrek The Default Technologicaf Optimist Vision 

"Warm fusion" was discovered and powered humanity to the stars. By 2012, natural resources 
were very strained. The warm fusion allowed a rapid reduction of global fossil fuel burning, 
with eventual reversal of the greenhouse effect The air pollution problem was essentially elimi- 
nated over the period from about 2015 to 2050. Electricity came increasingly from warm fusion, 
nuclear fission reactors were decommissioned and some hyaropower stations were eliminated. 
The world was still getting pretty crowded. The solution was space colonies, built with materi- 
als taken from the moon and asteroids and energy from the new warm fusion reactors. Since 
food production and manufacturing are mainly automated and powered by cheap warm fusion 
energy, only about one-tenth of the population actually needs to work for a living. Most are free 
to pursue whatever interests them. Often the biggest technological and social breakthroughs 
have come from this huge population of ''leisure thinkers." People also have plenty of time to 
spend with family and friends, and the four-child family is the norm. 

2. Mad Max:The Skeptic's Nightmare 

The turning point came in 2012, when the world's oil production finally peaked, and the long 
slide down started. There were no cheaper alternatives for oil, only more expensive ones. C . 
was so important in the economy that the pnce of everything else was tied to it and the alter- 
natives just kept getting more expensive at the same rate The greenhouse effect was really 
kicking in and the earth's climate and ecological systems were m a complete shambles. The pol- 
lution en sis came next. Rising sea level inundated all low-lying coastal areas by about 2050. 

The financial bubble really burst Both the physical infrastructure and the social infrastructure 
have been gradually deteriorating, along with the natural environment. The human population 
was declining since the global epidemic killed almost 25 percent >n 2025-2026. The population 
was already weakened by regional famines and wars over water and other natural resources 
Since then death rates have exceeded birth rates almost everywhere, and the current population 
of 4 billion is still decreasing by about 2 percent per year National governments have become 
weak, almost symbolic, relics. Transnational corporations run the world, making the distribution 
of wealth even more skewed. Those who work for global corporations lead comfortable and pro- 
tected lives in highly fortified enclaves. These people work 90- or 100-hour weeks with no vaca- 
tion. The rest of the population survives in abandoned buildings or makeshift shelters built from 
scraps There is no school, little food, and a constant struggle just to survive. The almost constant 
social upheavals and revolutions are put down with brutal efficiency by the corporate security 
forces {governments are too broke to maintain armies any more j. 

3. Big Government: Reagan's Worst Nightmare 

The turning point came in 2012, when the corporate charter of General Motors was revoked 
by :he US Federal Government for failing to pursue the public interest. Even though "warm 
fusion" had been discovered in 2015, sirict government regulations had kept its development 
slow while the safety issues were being fully explored. 

Warm fusion's slowness in coming on line was balanced with high taxes on fossil energy 
to counteract the greenhouse effect and stimulate renewable energy technologies. Global C0 2 
emissions were brought to 1990 levels by 2005, and kept there through 2030 with concerted 
government effort and high taxes, after which the new fusion reactors eliminated the need for 
fossil fuels. The worst predicted climate-change effects were thus averted. Government popula- 
tion policies that emphasized female education, universal access to contraception, and family 
planning managed to stabilize the global human population at around 8 brlhon, where it remained. 
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The income distribution has become much more equitable worldwide Governments have explic- 
itly advocated slow or no-growth policies, preferring to concentrate instead on assuring ecologi- 
cal sustainability and more equitable distribution of wealth Stable human population also took 
much of the pressure off other species. 

4. Ecotopia:The Low Consumption SustainableVision 

The turning point came in 2012, when ecological tax reform finally was enacted almost simulta- 
neously in the US, the EU, Japan and Australia. Coincidental it was the same year that Herman 
Daly won the Nobel Prize for Human Stewardship (formerly the prize for Economics) People real- 
ized that governments had to take the initiative back from transnational corporations and redefine 
the basic rules of the game. The public had formed a powerful judgment against the consumer life- 
style and for a sustainable lifestyle A coalition of Hollywood celebrities and producers got behind 
the idea and began making a series of movies and TV sit-coms that embodied the "sustainable 
vision." It suddenly became "cool" to be sustainable, and umcool to continue to pursue the mate- 
rialistic, consumer lifestyle 

All depletion of natural capital was taxed at the best estimate of the full social cost of that 
depletion, with additional assurance bonds to cover the uncertainty about social costs. Taxes on 
labor and income were reduced for middle- and lower-income people, with a "negative income 
tax" or basic life support for those below the poverty level The QLI (Quality of Life Index) came 
to replace the GNP as the primary measure of national performance Fossil fuels became much 
more expensive, and this both limited travel and transport of goods and encouraged the use of 
renewable alternative energies. Mass transit, bicycles and car-sharing became the norm. Human 
habitation came to be structured around small villages of roughly 200 people The village provided 
most of the necessities of life, including schools, clinics and shopping, all within easy walking 
distance People recognized that GNP was really the ,J gross national cost," which needed to be 
minimized while the QLI was being maximized. By 2050 the workweek had shortened in most 
countries to 20 hours or less, and most "full-time" jobs became shared between two or three 
people. People could devote much more of their time to leisure, but rather than consumptive vaca- 
tions taken far from home, they began to pursue more community activities (such as participatory 
music and sports) and public service (such as day care and elder care) Unemployment became an 
almost obsolete term, as did the distinction between work and leisure The distribution of income 
became an almost unnecessary statistic, since income was not equated wjth welfare or power, 
and the quality of almost everyone's life was relatively high. With electronic communications, the 
truly global community could be maintained without the use of consumptive physical travel. 



GUMBO could handle these scenarios to produce the results in Figures 7.39 and 
7.40- Again, the exact numbers on those graphs are hardly important, and may be 
difficult to justify. What really matters is that the model took into account much of 
the existing knowledge about global processes and translated that knowledge into 
meaningful trends that can he discussed, compared and evaluated> 

The further development of the model was for valuation of ecosystem services. 
Ecosystem services m GUMBO are aggregated to 10 major types. These are: gas regu- 
lation, climate regulation, disturbance regulation, water use, soil formation, nutrient 
cycling, waste treatment, food production, raw materials, and recreation/cultural. These 
10 services together represent the contribution of natural capital to the economic pro- 
duction process. They combine with renewable and non-renewable fuels, built capital, 
human capital (labor and knowledge), and social capital to produce economic goods 
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Change in landuse composition under various future development scenarios 



and services. They also contribute directly to hum An welfare. Several different methods 
to value ecosystem services are implemented in the model, allowing u^ers to observe all 
of them arid compare the results. Historical data on iandjse, CO? concentration in the 
atmosphere* global mean temperature, economic production, population and several 
other variables are used to calibrate the model 
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With xjjiec'iai focus on ecosystem services, GUMBO has recently morphed into 
the Mulri -scale Integrated Models of Ecosystem Services (MIMES). It lias been 
translated into Simile, and is now available at http://www.uviTi.edu/giee/mimes/ 
down loads. ht in I. The model has not become :my simpler; actually, more and more 
components and processes have been added to jr. 1 be promise is to he able n: gy to 
an interface like Google Earth, choose an area anywhere on the globe, and im medi- 
ate iy either get an estimate of ecosystem services for that area> or download a model 
that can he used to make these estimates. 

Another somewhat similar effort in modeling and quantifying ecosystem ser- 
vices is the Natural Capital Project that is currently underway at Stanford University, 
with collaboration with the The Nature Conservancy and World Wildlife Fund. The 
project also aims at developing a full suite of tools that will allow land use decision -mak- 
ers ,ind investors to weigh the full value of ecosystem services that nature provides for 
human life (hccp://w\vw. natufalcapitalprGjfict.org/), Their toolbox is called In VEST 
- Integrated Valuation of Ecosystem Services and Tradeoffs - and is supposed to model 
and map the delivery, distribution and economic value of I ire -support systems (ecosys- 
tem services) well into the future. The life-support systems that will be analysed and the 
ecosystem services they provide include carbon sequestration, drinking water, irrigation 
water, hydropouer, flood mitigation, native pollination, agricultural crop production, 
commercial timber production, non-timber forest products, real-estate value, recreation 
and tourism, and cultural and esthetic values. It is yet to be seen how these models will 
work together, and how complex a knowledge base model will come nut of this effort. 



For years, ecological economics has been distinguishing itself from environmental economics by 
denying monetary evaluation as an ultimate means for making decisions. With the ecosystem 
services concept it seems to cave in, at least to a certain extent. The dollar value still appears to be 
a very powerful communication tool, and in many cases it seems helpful to be able to show that 
the ecosystems around us do de'iver some crucial life-supporting services, which we normally take 
as granted but which actually may cost a lot This is probably OK as long as we remember that all 
the ecosysiem services monetary estimates are on the very low sioe. and that actually in many 
cases we shou d realize that we are dealing with infinite values which n is impossible to compare 
and meaningfully quantify, For example, as we have seen on page '28B r the value of cnticai natural 
capital increases asymptotically to infinity as The suppiy of this capital approaches critical values. 
What is the "price" of the bottle of water if it is a matter of survival? Similarly, what is the "value' 
of a species that is becoming extinct, if we do not know what benefits it can potentially provide, 
and, say. how many people may be cured with drugs extracted from the tissue of that species 7 

It makes sense to put a dollar value on abundant natural capital when u is used for leisure 
and recreation, when nobody is at risk of irreversible transitions. 
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Kodikofl 1,1- and Burns, S. (2005). Tlw Coming Qefa atwna\ Storm: What Ynu Need CO Kmw 
about AmenV.a'5 Economic Future The MIT Press- 302 pp. - Gives a rccrueni oj the cur* 
rent tiWs in US popdfldito. eiyAaft? the future of a country with an increasingly older population 
a7d.wth::Q welfare and %acwl iecuniy system on the verge of collapse. 
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For scrupulous mathematical analysis of papulation models, including models with age structure we 
Logofei D O. (I99i). Momrei and Graphs Stability Vt&bkfiis in Matlvmaacal Ecology* CRC 
Press Far e%m more on matrix modeling of population dynamics see Caswell, H . 2001. Matrix 
population mtxkls: construction, analysis f and imerlrreiatiori, 2nd ed. Sinaiier, Sunderland, MA, 
722 pp, 

Harrmanti, T. (2004). Unequal Protection; The Rise of Corrp<yraLe Dominance and the Theft of 
Human Rights . Rodale Book;*. 360 pp. - A history of twpcnm takeover m the USA and now 
^ipbalb ir shows how very small, uuignificcmi ewms m the past (like adencul enor) can resuh m 
&&r&ndsius consequences for a (J. Intp //wwvv. ten ac ycle.net/ and hrrpi//suedby^cocr.s.com/ 
for more information about the TeuaCycle sicrry. Another very uvll known book an ihm subject \s 
David Konen, 2001 . When Corporaihm Rule the World. Bernju-Koehler Publishers, ^85 pp. 
Much of the 'Mimmabiliiy talk •iiaried after the famous reprjrt of the Bruntland Commission; WCED 
(World Commission on Environment and Development), 1987 Our Common Future. Oxford 
University Press, Oxford, 400 pp. For various definitions of susutirMity and die rekvant scales 
and hierarchies, see Vt>tnov\ 2007 Understanding and communicating sustatnaklity: global 
versus regional perspectives. Environ. Dev twd Sustain (hup://'w\vw spnneerlink.a'JiWau^ttTil/ 
c7?37766 1 pfli 27S6/> The definitions quoted here are taken from: Wimherly, R. C, 1993. Policy 
perspectives on social, agricultural and rural susia inability Rural Sociology 58: 1-29: Cosiiin:a. 
R L992 Toward an operational definition ol ecosystem health lr\-. CostanEa, R., Haskell B f>. ( 
Norton B.C.. (Editors). Ecosystem Health: new. goals for environmental management. Ubfld Pruss, 
Washington, DC, pp. 239-256; Castanza, R,. Dal\v H. E [992. Na rural eapiral and sustainable 
development. Conservation B;oiogy. 6, 37-46; S&taft-, R. M., 199 J Sjiittirnabikry: an economy's 
pertfwctive. Marine Policy Center, WHOl, Woods Hole, Massac huse us, USA. For further annlyw 
of stetArtidbtiiiy and its various ecmomic (mpfartuna see Ncumaycr, E., 1999. Weak wertus String 
Susiainabiluy. Edward Elgar, Cheltenham, UK t 294 pp 

Our observation on management problems u,id\ rapidly growing and complex Stti&rvccnomie fy$t*ms 
echoes with a book by Joseph Tamtei, 1990 The Corpse of Complex Societies (New Studies m 
Archaeology) - Cambridge University Press, 260 pp. 

Vladimir Vemadskti is a Russian scientist of g> eat importance, who unfortunately k sail very link 
known in th? West One of his major findings was the theory of the noosphere, the new state of die 
himphere dvirarienreii by fhe dominance of intellectual and moral fjOwers of humans. Vtrnadskii. 
V I , 19S6 Biosphere. Syticrgetic Press, S6 pp. - This is a vfprini of the J 929 pafer thai contains 
some of these ideas. 

There are several classic books on the Peat Oil issue that could be ?£C&mmmtkd, such as Kenneth 
Deff'eyes, 2001. Huhb&ft Peak: The hnpeniini World Chi Shortage, Princeton University- 
Press, 224 pp; Richard Heinberg, 2005. The Pmy't Over, Temple Lodge, i2Q pp f 
Duvul GooJstem, 2005. Qui of Gas. The End of the .Age of Oil, W W Nwton & Companv, 
148 pp. 

Paul, Robert (2005). The End of Ok On the Edge of a Perilous New World. Manner Boob. 
41.6 pp. 

Perhaps the pes: latest account of the situation with oil and hou. f:u are from its "peak" can be 
found on The Oil Drum hlog at hri.p://www.theoildrurn com/. 

Tiie 'Medium-Te-nn Oil Market Report' 1 from the International Energy Agency (IEA) can be pit* 
chased at htrp://onirpublic.«a.nrg/ nriromr.htm. 

For an trueTeiiin^ discussion on how humans make decisions, and why there is a disjoint between eco- 
logical and ecomrmc reasunmg see WaMcrstcin, I., 2003. The Ecolu^V ^ the Economy: Whnr is 
Rations H Paper delivered ar Keynote Session ofConrerence, Workl System Wruary and Global 
Envrrimmenml Change, Lund, Sweden, 19^22 September 2003 htip://www .bingh am ton.edu/ 
fbc/i wecnrar.lhmi 

Tlif Critical Natural Capital concept is discussed by Farley, J. and E. Gaddis, 2007 An ecological 
economic as^smciU of restoration. In J. Aronson, S M.kon and J. Bhgnaur (Eds) Resrrmn K 
Natural Capitd: Science, Business and Practice. Island Press: Washington, DC The perfect wlnsucity 
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nf cwerinal gotxh and slices iihen ihey .become mcyeaxin^y scarce u analyzed m Daly, H-, Farley, J . 
2004 Ecological Bc&WtiUCi. Lland Press (p 197) 

The World} model is described in Dondin H. Meadows, Denmu L. Meadows* Jorgeci Randan, 
Wilham W. Re h rem 111, 1979, The limits to Growth. Mncmiitan. 208 pp. Far a more recen: 
analysis of the modet and ihe curious discussions and ccfafttoMft$taf thai followed t see Donella H- 
Meadows, Jorgen Renders, 1 Vim is L. Meadows, 2004, Limits to GrmMfK The 30-Year Update. 
Chelsea Green, 363 pp. {Pur model see; Jay W, Fofreiter, 1972. World Dynamics. 

Cambridge, MA: Wr»ghr> Allen Press, im,) 

The )evor\\ pmad&K is u<ell presented m ike visiomvy book by S J<vonSj The Goal Question, 
An Irvfuiri Concerning the Progress of ihe Nation, arui the Probable Exhaustion of Our Coalmine': 
1865. LRL of an E-Rook= lYttp;//alUil^ The book u-t/wld 

probably noi be that remarLihle if k uas iwr unnen almost i 50 years ago. Whai do you chink abaiu 
thi$ quote in the context of mc recent Hydrogen Economy kype: "The fallxtoui notions afloat on the 
Subject of elecrr icily especially are unconquerable- Electricity, in shnrc, is m the present age i^h/n the 
fxrpmtcd mmm was to an agn not jar removed, People are so astutuihed at the subtle manifestations 
of electric power that they thmk the more miraculous effects ihcy anticipate from it (he move profound 
ihe appreciation of in nature they show, liu: then they gene* 'titty take that one stup too much which 
the contrivers of ihe perpetual motion took - they treat electricity not only as a marvellous- mode of 
distributing power, they treat it as n source of self -creating power." 

The GUMBO model is described in R. Bern mans, R. Cosrnn:;i, J. Farley. M A- Wilson, R. 
PortcU, j. RotiYmns, ¥ Villa and M Grasso, 200? Modeling the dynamic* of the iruegrated 
earth sysrem and rfae value or global ecraysrem services using the 0UMBO model. Ecological 
Economics, Volume 4 1 , I*SimS 3. p 5 2:9— 560 

To learr] more atom ihe value of ecosystem services, see ihe special issue of Ecological Economics, 
Volume 25, Issue 1, Apnl L99B, in particular, the famous paper by R. Opstanza, R- d'Argt, R 
de Groot. S Farber, M. Gmssn, R. FfetiOOru K. Lirrihurg, 8, Ntaeerrv R, V. O'Neill, J, Pa rue In, 
et al. The value of the world's ecosystem services and natural capital- p. 3-15. 
For more analysis , mdudmg philosophical ana economic issues of valuation sec: G. Daily (Ed.), 
1997- Nature's Sendees. Societal Dependence cm Natural Ecosyitems. 1 si nod Press, 412 pp. For 
more case studies hv G Daily. K- Ellison, 2002. The New Ecmamy of Naaae. The Quest lo 
\\al<e Conservation Profnahle lilnnd Fiess ( 250 pp 
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SUMMARY 

Running a model, we gee a glimpse of the gy&efri behavior for a given set of param- 
eters and forcing functions. This set is called a scenario. We run a scenario and learn 
how the system may behave under certain conditions Suppose we know how we 
want i he system to behave. Can we make the computer sort out ch rough various sce^ 
narios to find the one that would bring the system as clo.se as possible to the desired 
behavior? Th;ii is exactly what optimization does for us. If we have some parameters 
that we can control, the computer will look at various combinations of values that 
can nu'ike the result as close as possible to the desired one. 

The software chat can help us do it is Madonna, We will look at a couple of sim- 
ple models to learn hnw optimization can he performed. For more complex systems, 
especially if they arc spatially expltcic, simple methods do nor work. We will need 
to invent some i ricks to solve the optimization tasks. Furthermore, in some systems 
it seems as though the system itself in volves an optimization process that is driving 
the system, as if the system ls seeking a certain behavior that is optimal in a sense. 
When modeling such systems, it makes sense to embed this optimisation process in 
the model. 



Keywords 

Objective function, control parameter, constraints, Madonna software, global and 
local optimum, Monte Carlo method, opnmality principle. 



8,1 Introduction 

In many cases, we want to do more than understand how a system works. We want to 
figure out how ro improve us performance, or, ideally, find the best way it can possibly 
perform. In these cases we will be talking about optimization. We briefly came across 
this concept m Chapter 4, when we were exploring model calibration. Remember, in 
that case we also wanted the model to behave in a certain way There were the data 
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Using models of real systems to find optimal regimes makes a loc of sens?- It we 
have a good model of a system, we can define nil sorts of sets of controls and subject 
the system to all sorts of experiments at no risk. We just need to make sure that the 
model is still adequate within the whnle domain nf changing control factors 

An op ti mi nation task in a general form can be formulated 35 follows. 

Suppose we have a model of a system: 

X +] = F<X, f P.t) (8.1) 

where ?C, = (x 3 (t)> ■ ■) ts the vector of Mate vafiajblei of the system at time r, 
and P = (p,, />?, ...) is the vector of parameters We assume a dynamic model that 
describes the system in time, Therefnre, we define each next state of the system, 
9( J + J , as a function, F, of its previous state, X [t a vector of parameters, P, and time. t. 

Suppose we have identified a goal or an ubjecttm* I unction, which tells us where 
we want the system to be. The objective function is formulated as a function of 
model parameters and state variables. It Is formulated in huch a way that we can then 
try to minimize or maximize it. 

For example, we can be studying an agricultural system that produces grass, X|(t) 
and sheep, jc 2 (0- Qui goal could be to maximize the output of goods produced by the 
system The objective function would then be h$$ed upon the sum ol biomasses ol 
sheep and grass, Xj(r) + x £ [i). However, a sum of these two variables does not give us 
a value to maximize- We should either decide thut we want to track the total biomass 
over the whole time period [O.TJi 

0= Jf (x,(0 + x a (t)>ii 

or agree that it is only the final biomass that we are interested in, because that is 
when we take the products to rhe market: 

G = * IV T)+x 2 (T) 

If sheep are the only product we are concerned with, we may not care about 
grass, let sheep eat as much grass as they wish and maximize only the biomass of 
sheep. Then 

G = i,{Tj 

Alternatively, if we are maximizing for the farm profits, we may be getting more 
revenue from grass than from sheep and we thus want to include both, but with 
weights that will represent the market values ot both goods at the time we sell them: 

G - p ; x,(T) + p 2 x 2 (T) 

where pj and p 2 are the p races of grass and sheep, respectively. Clearly, defining 
the right objective function is a very important part of the optimization task. If 
we do not do a good job describing what we want to optimise, the results will be 
useless. 
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In Chapter 4, as you may remembei, the objective function was the difference 
between model trajectories and the observed dynamics given in the data available. 
We were then trying to minimize this function by choosing the right set of parameters. 
Similarly, with sheep and grass, the total biomass produced is a function of climatic 
conditions, soil properties, fertilizers applied, grazing strategies, etc. Some of these 
parameters can be changed while others cannot. For instance, we will not be able to 
change climatic conditions; however, we can change the amount of fertilizers used. 
The parameters that are at our disposal, that we can change, are called control factors. 
Those are the ones that we can control when trying to maximize (or minimize) the 
objective function. 

Again, in Chapter 4 we had certain parameters that were measured in experi- 
ments and we knew their values quite well. We did not want to change those when 
tweaking the model output. There were other parameters that were only estimated, 
and those were our control factors - those we could change anywhere within reason- 
able domains to bring the objective function to a minimum. 

Let us put some more formalism into these descriptions. We have a model (8.1), 
and define an objective function G(X,P), where X is the vector of state variables 
X = (x u . . x n ), and P is the vector or parameters, P = (p\> . . ., pi). For this objec- 
tive function we then find a 

minG(X,P) (Qi\ 

REP 

subject to S(X,P) = 0, and Q(X,P) ^ 0. This should be read as follows: we mini- 
mize the objective function G(X,P) over a subset R = (pt . . ., pu . . .) of parameters 
P, which are the control parameters, provided that the constraints (or restrictions) on 
X hold. 

If the controls are scalars and constant, rhey are also called decision variables. 
If rhey are functions and allowed to change in time, they are known as control vari- 
ables. As we will see below, in many cases we may want to describe our control vari- 
able in terms of some analytical function with parameters - say, a polynomial or a 
trigonometric function. Then your time-dependent control variable becomes for- 
mulated in terms of constant parameters, and we can say that a control variable is 
expressed in terms of several decision variables. 

The constraints bound the space where the model variables can change. There may he 
two types of constraints: equality type (S(X, P) = 0) and inequality type (Q(X, P) 2s 0). 

Note that it really does not matter whether we are minimizing or maximizing 
the objective function. If we have an objective function G, which we need to maxi- 
mize, we can always substitute ir with a function G^ : = 1/G, or G** = — G, which 
you can now safely minimize to get the same result. 

Since the model trajectories are a result of running the model (8.1), the model 
becomes part of the optimization task (8.2). Here is how it works. 

First, we choose an objective function, which is formulated in terms of a certain 
model trajectory. We identify the parameters that we can control to optimize our sys- 
tem. For a combination of these control parameters, we run the model and figure out 
a trajectory. For this trajectory we calculate the objective function, then we choose 
another combination of control parameters, calculate a new value for the objective 
function, and compare it with the previous one. If it is smaller, then we are on the 
right track, and can try to figure out the next combination of parameters such that it 
will take us further down the minimization path. 
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FJgure 8.1 



The optimization process. 

When solving an optimization task, we normally go through all these steps. The real challenge that is solved by 
optimization methods is where to make the next step, how to find the next combination of control parameters. 



If F(x) is a linear function (Figure 8. 2 A), obviously we gee a minimum on one of 
the ends of the \a, b] interval. Either x = a, or x = b delivers a minimum to the func- 
tion. When generalized to several independent variables, we find ourselves in the 
realm of a special branch of optimization called linear programming. Since for linear 
functions the minimum is always on the boundary, that is where the linear program- 
ming methods search. They are designed in such a way that they go over all the pos- 
sibly complex boundaries of the function domain in the multivariate space. 

If F(x) is non- linear but nice and smooth (Figure 8.2B), the most common 
minimization technique is the so-called gradient method, or the "steepest descent'' 
method. In our case of one independent variable, we can choose a point, x 1( calcu- 
late the value F(x,)> and then choose the next point, x?, such that F(x 2 ) < F(xj). 
We may need to try several directions before we find such a point. If we have several 
variables, we will move in the direction of the variable that delivers the lowest value 
to the function in the vicinity of xj. We then move to this next point, x 2 , and repeat 
the same procedure to find Xy And so on, until we realize that, whichever direction 
we go, we are only increasing the value of the function. 

This algorithm works really well unless the function we are dealing with has sev- 
eral local minima, hke the function in Figure 8.2C, which has a minimum on the 








Fix) 



Figure 8.2 



Searching the minimum in some simp!e functions. 
We can see that a local minimum can be quite different from the global one. 



boundary, or the function m Figure 8.2 D, which has two local minima inside the 
domain for x. If we follow the algorithm above, chances? are that we will find the 
other minimum and will stay [here, never, realizing thai there is yet another mini- 
mum which is even smaller. The solution m this case could he to try several starting 
points for the gradient search algorithm and see where we end up going downhill, 
Then we cfm compare the values we get and choose the minimal one. 

As the function F{x) becomes more poorly behaved, with strong non-linearities 
as in Figure 8.2 E, the gradient search becomes almost impossible. The chances that we 
will hit the global minimum are becoming very low. In this case we might as well do 
a random search across the whole interval [a,, b] f picking a value for x, x h finding the 
value of F{\) s then p-cking the next value x, t t again at random and comparing F(x.) 
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and F(\, + |) 4 keeping the lowest value loi further Qcm par iSt tins, If we are lucky playing 
this game of i/ouleue, ue may eventually t 7 er pretty dose to the real global mini mu ni lor 
our function. Like other methodi hdied on random search rhis method is known as the 
Monte Carlo method of optimization, after the lamoib casino town in Europe. J List as 
when playing roulette we do not know whar the result will he (except tl.nr most likely 
we will Eose!), here too we keep randomly picking a set uf control parameters from 
rheir domain of change, hoping rhar eventually we will nitn somewhere cloje enough 
to the global minimum, k also may be helpful to combine the random walk algorithm 
watt the gradient search, when for each randomly chosen value of x we also make a 
few steps in the direction of the steepest decent, in this *ay we avoid the unpleasant 
possibm'fy of bring lueky enough tu pick a point somewhere really dose ro [he global 
minimum and then moving ywjty from it, only because we were not close enough, 

The ^nidient search is entirely inappropriate lor piece, wise linear or categorical 
function, like the one m Figure fn this case we ennnor even define the direc- 
tic m of the steepest decent by exploring [he vicinity of a point of our choice - we 
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get the same results l"or F(x) unless we jump over to the next segment Foi such func- 
tions, it is- only the random walk or some variations of it that are £pp?v^i&tte. 

There are numerous other optimisation methods available these dny^ Anwi^ 
them arc the Genetic Algorithms and other evolution strategy methods that try 
to mimic i he way genes mutate in search for $n optimal configuration There is 
the Simulated Annealing algorithm, which, by analogy with the physical process 
of annealing in metallurgy, on each step replaces the current solution by a random 
"nearby" solution, chosen with a certain probability. The optimization problem is 
not an easy ont; the object ive function gau become very coroptejii especially when it 
involves multiple variables, and it becomes quite hard to find the minimum in func- 
tions like the ones shown in Figure 8.5. It takes a lot of mathematical creativity and 
computer power to bnd these optima - Still, in many cases this kind of computer simu- 
lation is a much safer and cheaper alternative than many other kinds of optimization. 



8.2 Resource management 



Let us consider a simple example tfl a system where optimization can help us find the 
best way to manage it Suppose there is a natural resource that we wish to mine to 
sell the product to generate revenue- The resource is limited; there us only a c attain 
amount of this resource that the mine has been estimated to contain. How do we 
extract the resource in orcfer tn generate the most profit ? There are also a few eco- 
nomic considerations that we need to take into account. Fust, clearly our profits will 
be in direct proportion to the amount of resource sold. But then also our eosLi of pro- 
duction will be proportional to the amount produced and inversely proportional to 
the amount of resource left. That is, the more we mine and the less resource is left, 
the harder and more expensive it will be 10 get the resource- In addition, we should 
realize that the price we charge foi the product can go down if we dump too much of 
u on the market. The law of demand tells us that the more goods are produced and 
off ere J, the less wilL be the* price that we can sell these goods for. 

Since we know that we will he doing optimization* let us use Madonna to put the 
model toother, Jusi like Stella. Madonna uses a set of icons in its interface to formulate 
the model The model a* out lined above is presented in Figure For anyone familiar 
with Stella, it should be quite easy to understand this diagram, The cylinder tanks are the 
reservoirs, with flows taking material in and out. The balls are the parameters and the 
intermediate variables. It is almost like Stella, but drawn in 31). Even the clouds that rep- 
resent the exterior of the system in Stella are now replaced by the infinity signs ^, which 
look almost like clouds. As in Stella, if we double chek on any ot the icons, we open up 
a d i a I ogi i e ho.x thai all o ws 
us to specify che formulas 
or parameter values tu use. 
For example, for the price 
variable you get: 

As you draw the dia- 
gram you put together the 
equations of the model. 
Below are the Madonna 
ei| nations generated for 
this model with com- 
ments added in brackets 



price 



Required Inputs: 




□ Lock Position 
EClIHCD I create Graplr] 

0000 t-mtGfflpTi 

(jDGD00 Delete" Graph 



| Cancel] [ OK j 
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[Top model! 
{Reservoirs) 

cVdt [Resource) - -mi rung 

I NIT Resource - 10000 
d/dt [Profit) = ^lo^proiit 

IN 17 Profit - 
(Flows! 

mining - if (qq <= Oj then else if I Resource > cjq) then qq else Resource 
{We are checking That there is enough resource to extract} 

to_protit = pnce*imining-costs 

{Proceeds from sales oi products minus costs of operations} 

[Functions} 

qq = d* TIMERS e*TIME ~ f 

{This is the amount extracted. We define n as a function of lime to be abfe 
to find the optimal extraction strategy, as explained below) 

e - 0.1 

f = 20 
d- 10 

{Parameters of the extraction function} 
price = a/(i + mminsi + b 

{Price of goods modified by the amounts of goods produced. Price can 

increase substantially if there is very little supply, mining is smail} 
costs - cc* mining/Resource 

{Costs of mining are n proportion to the volumes extracted. Costs grow as 

lhe resource becomes scarcer} 




Figure 8.4 



Hd£l&llh2i&fl A model built in Madonna. The similarities with the Stella interface are quite clear; 
however there is much more power "under the hood" in a Madonna implementation 
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a = 100 
b - 10 
cc = 0.3 

in addition to the equations, Madonna assembles the parameters window, which 
Es convenient co manage all the parameters m the model: 

Thus window eotimins all the 
parameter values From the equations, 
as well as the initial conditions and 
the simulation control parameters. 
STARTTIME - when to start the 
model run; 5TOPTIME - when to 
stop; DT - the time-step for the numer- 
ical methods and DTOUT - the rime- 
step for output. In this window we can 
also choose the numerical method to 
solve the equations. The (STOPTIME- 
STARTTfME) in our model actually 
tells us what the lifetime is for the mine 
that we have in mind - that is, for how 
long we plan to operate it. 

Once the model is defined we can 
set up a couple of graphics for output 
and run the model. Note that the pat- 
tern of extraction is defined by a para- 
bolic function described in 

qq = d*TIME A 2 + e*TlME + f (3.3) 

If d = e = 0, we get constant rate ol extraction throughout the lifetime of the 
mine. By changing f, we can specify how fast we wish to extract the resource. By 
changing d and e, we can configure the rate of extraction over time, making it dif- 
ferent at different times We can set up some sliders and start our optimisation by 
manually changing the values for the parameters. 
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e»f - 20 





As noted above, every time wc move a slider, Madonna will calculate a new set 
of trajectories, so we can get some idea of how changes irt parameter values impact 
the model dynamics Figure 8 5 gives a sample of model output for the parameter val- 
ues defined in this slider window. Note the spike of price around year 5, when min- 
ing was very low and Supply of the resource plummeted. The Profit m rhe end of the 
simulation is around $101317, which is quite high, as we tm easily see by trying to 
adjust the parameters in the slider window. The question is, can we further increase 
ir by finding the very best combination of control paraiuerers? 
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Mr'l'll^fcasB A model for a combination of parameters defined in the slider window. Madonna will 
redraw the graph once a parameter is changed on any of the shders. 



The reason we chose Madonna tor this analysis is because it can run optimiza- 
tion algorithms automatically Indeed, m the 'Parameters" menu let us choose the 
"Optimize" option; 



4 file Edit Flowchart Model Compute Graph 


| Window Help 




Parameter Window 

Define Sliders... 
KideSifders 




Batch Runs... 3SM 

Repeat Batch Runs 0-&M 


Curve Fit... 
0ptimi7e... 
Parameter Plot... 
Sensitivity.. 



Another dialogue box opens up, where we arc advised to choose the parameters 
that are flowed to change (control parameters), and co specify the function that is 
to be minimized (the objective function): 



Optimize 



Available: 



INIT Resource 
1*11 Front 

t 
f 

c 
ii 
I) 



Parameters: 




Minimize Expression [ -Prof* 



Tolerance: 



j Cancel 



in our ciise, the control parameters will be the d, e T and f in fgjj; these denne 
the pattern of resource extraction over time. Madonna can only minimize, so our 
previous consideration of maximization as the reverse of minimization comes in 



quite handy. The objective function to minimize ran he the native of the Profit, 
si net' our jionl is to maximize Profit. Obviously, minimising Proht is the same as 
maximizing Profit. This is one of the ways we can Convert a in$kim<JZ3tion task into a 
minimization one. Note that Madonna, when doing the optimization, conveniently 
uses the ending values of the variables in the objective function. So in our ease we 
will be indeed optimizing for the profit at the end of the simulation, and not ai some 
intermediate Steps, 

For each ot the control parameter we are asked to set the limits or their allow- 
able change. The smaller the intervals we choose, the easier and quicker it will be 
for the algorithm to rind a solution- On the other hand, we need to keep the ranges 
hroad enough to account for a variety of different scenarios of resource extraction. 

When choosing these restrictions on parameter*, it is essential to take into 
account the ecological meaning of. the parameters we specify. For example, if some of 
the control parameters were present! ug, say, race> nt charge, or values rr laced to bio? 
mass at other stocks, it would he clear that they need to he clamped to be positive. 
There is nn need tci search fur optimal Mentions that wuukl include negative growth 
rates of populac ions. These controls are not possible, so there is no need to consider 
thom as options. 

In the case of (8 3) there are no obvious ecological conditions for d, e : and f", 
except that we do want to make sure that the resulting scenario will produce a posi- 
tive flow of resource i qq ^ 0, for < TIME < 50. We may take a closer look at (o\3) 
and come up with some relationships between parameters lhat would keep qq s? 0, 
or we might play with the sliders m Madonna and see what combinations of param- 
eters make qq heeome negative and then Ery to exclude them hum the optimization. 
However, in our case this may not be so important, because we have built the condh 
tion of qq bem^ positive into the model formulation. 

Indeed, when describing the flow for 'mining 11 we have put: 

mining = if (qq <= 0} then 

Effectively, we have implemented a constraint that 15 usually part of a general 
optimisation task (see the definition in section 8T), but which has no special place 
m the optimisation procedure in Madonna In our particular model it means that 
we do not necessarily have to limit the control parameters to such values that would 
guarantee that qq ^ 0. This will be taken care of by the model. 

Anyway, we still want to set some limits to these parameters, making sure that 
the rate of extraction is not overly high. For d we choose -2 < d < 4 This is because 
larger values of d cau.se very bi^ differences in the extraction rate over the lifetime 
of the mine - something we probably want to avoid For e, we choose the interval 
-20 < e < 30. The qq is not very sensitive to changes in e, as we can see from play- 
ing with the sliders. For f, let us choose a larger interval of < f < ^00. This is to 
allow high enough rates tit extraction if the algorithm chooses a constant rate. 

Next, to run optimization we are required to specify a couple of "guessed 41 values 
for each pa 1:1 meter. Remember, when discussing how most opt imitation algorithms 
work, we mentioned that in most cases we solve the equation* for a couple of fixed 
parameter values and then compare which of the solution* brings a lower value to 
the objective function. That helps us to determine in which way to in search of 
the optimum. While we do not know how exactly the optimization algorithm works 
in Madonna, most likely it also needs some values to initialise the process, and prob- 
ably those are the guesses that we need to .spec try. Certainly the guesses need to be 
within the parameter domains (that is, larger than the Minimum value and !e*s than 
the Maximum). They should also be different. Other than that, they can really lie 
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quite arbitrarily set. However, it may help to rerun the optimization with a set of dif- 
ferent guesses. This may help us step away from a local minimum and hnd a better 
solution and a different combination oJ control parameters. 

Finally, we can press the "OK" button, stc back and watch the optimization 
magic happen. The model will be rerun multiple times with different combinations 
of parameters in search for the one that will make the abjective function the smallest. 
While optimising, a Ixsx will appear reporting how many model runs have been made 
and what the current value of the objective function is: 



Run: 317 
Finished 



597439 



We will also see that apparently there are several algorithms involved in the 
optimization process and a combination of them is used. 

Running optimization with the chosen settings returns a set of control param- 
eters, d = -2.260296-6, e = 1.140936-4, f ~- 214.536, with which the ending profit 
is S L049 ] 8 If we try other combinations of parameter values, we do not seem to get 
anywhere better than that. We can round up these parameter values to d = t e = 
and t = 214 .54, and see that we ate talking about a constant extraction rate as an 
optimal strategy of mining (Figure 8.6). 

Note that there is yet another parameter in the Optimize dialogue box, which is 
caited "Tolerance." This specifies the accuracy of the optimisation, telling us when 
co stop looking for a better combination of parameter values- By default Tolerance 
is set to 0.001, and that was the value we used m our computations above. If we try 




Figure 8.6 



(JE^^HM Model output for the optimized set of parameters that turns out to stand for a constant 
extraction scenario. 
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to make Tolerance large enough, ray 0. 1, we will notice that it tako less time tu 
run the optimization, fewer model runs will be required, but the results will become 
way mote sensitive to the initial guesses that we made for the parameters. Suppose 
we take parameter o\ - 2 < d < 4> and use the fallowing two guesses, dj = — \ t and 
d 2 = 4. If we now hit the OK button, we will get hack the following values tor the 
control parameter: d — 27, e — -6.69, f - 180.53. The resulting pattern or the 
resource extraction (Figure 8 7) looks quite different than what we had above, while 
the Profit with these parameters U almost the same as before: Profit - $104918. 

Now, with the same tolerance, let us make another guess for parameter d 
d| - - 1, and dj - % Now the solution to the optimization process comes with coo* 
trol parameters: d = -0 12, c = 6.17, f = 155 OB Again there is yet another differ- 
ent pattern for extraction (Figure 8.8), and what is most surprising the Profit is again 
$104918, which is the same as with a constant extraction rate. So what is going on? 

Apparently there are several local minima that are quite close to the global one. 
To stop the opt imitation process Madonna calculates the deviation or the objective 
function between different model runs, and once chc change becomes less than the 
Tolerance it stops. When the tolerance is large enough it is mote likely to stop at ;\ 
local minimum, instead of continuing to search for a better solution elsewhere. That 
is how we get into the Figure 8-7 or Figure 8.8 solutions. The Figure 8.8 solution is 
probably still a little worse than what we generated when running the model with 
the smaller toleninee (Figure 3 6), but we cannot see it bee nu.se profit is reported 
with no decimals. In any case the difference is probably negligible, but it is good to 
know that the very best solution is very simple: just keep mining at a constant rate, 
and the model can tell us what that rate should be. However, if the constant extrac- 
tion is nut an acceptable solution for some other reasons, we c;in still wine up with 
alternative strategies (Figures 8 7 and 8.6) which will produce results quite identical 
to the optimal strategy. Actually, if we compare the pattern of resource depletion for 
all these strategies, it is clear that the differences are quite small. 




Figure 8.7 



Qptimimifin results for a different tolerance parameter 
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Let us now si i gin lv inodifv our secern and introduce a discounting rate into our 
calculations. The way the economic s-vsrem works today ls chat Si today is worth 
more rhan Si tomorrow. When we have a growing economy, the ide;i is that il we 
have this $1 today we can always invest it into something that will have ? positive 
return find therefore tomorrow we will have $1 -r&. As a result, in our economic cal- 
culations we have to take this discounting in account when we calculate our future 
prglits: the money that will be Coming in later on Will he Worth less, Tlirs can be eas^ 
ily taken into account if we add a small modification to our model; 

to_profit = (price*rnimng-co5r.s)*(l - disc) A TIMR 

where disc is the discount rate, usually varying between 1 and 10 percent. Hence 
0.01 < disc < 0.1- How will this smntl change affect the optimal strategy of resource 
consumption in Our system? 

Let us assume that disc — 5 percent and run the optimisation algorithm The 
results we get for the control parameters are d =■ 3.999. c = 29,656 T f = 299 998 , and 
rhe optimal strategy comes our quite different from that which we had be lore (Figure 
8.9). if we take a closer look at the values of control parameters, we may notice that 
they are at the upper boundary chosen for their change. Let us move this boundary 
further up and set d mjx = 20 and f mjU< = 4000. When we run the optimization, once 
again we get the values for the control parameters at rhe upper boundary. Ar the same 
time, rhe profit jumps from $67090.1 in the previous run to 193774, So it would be 
reasonable to assume that if we further increase the maximal allowed values, the opti- 
mum will move there. 

Going hack to our mine, this simply means that we need to extract as fast 35 we 
possibly can Never mind that wc will be selling the resource at a lower price since 
we will he saturating the market - still just mine it as fast ar, jiossibte and sell. Quite 
a strategy! The sad news is that in many cases that is exactly how conventional eco- 
nomics deals with natural resources. The economic theory tells us to mine them 
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pond that is entirely driven hy artificial feed. A Madonna model can be put together 
as in Figure 8.10. "Feed" is a variable chat presence the accumulation of artificial feed 
in the pond, "Fi^iv 1 is the bionics ol fish, Note that there is yet another state vari- 
able, "Detritus." An important condition offish survival is that there is a sufficient 
level of dissolved oxygen in the pond. Oxygen is consumed for fish respiration, hut is 
also, very importantly, utilized for decomposition of dead organic material - detritus 
Detritus is formed from the products of fish metabolism, excreted by fish, as well as 
from the remains of the feed that ate not utilized by fish and stay in the pond. 

Detritus is an important factur in the pund ecosystem because as it.s concentra- 
tion grows, anoxia or anaerobic conditions are most likely. As the concentration of 
oxygen falls belpty a certain threshold, fish die off. If we assume that the oxygen con- 
sumption increases as detritus concentration grows, then perhaps we may get away 
without an additional variable to track oxygen and simply assume that the fish die- 
off is triggered by high detritus concentrations All these processes are described by 
the fallowing equations in Madonna: 

{Reservojrs} 

d/dt (F'shi = + Growth - Mortality 

INIT Fish = 0.T 
d/dt (Feed) = -Growth + Feeding - Loss 

INIT Feed = 
d/dt (Detntus) = +Accum - Decomp 
INIT Detritus = 0.1 
{Flows} 

Growth = if Feed > then C_growtlVFeed"Fish/(Feed + C_Hs) else 

(We use rhe Mono 1 unction with saturation for 1 is h growth} 
Feeding = tf (CJeed > 0} then C_feed else 

iThere may be many ways we plan to feed the fish - 'et us make sure that the 
scenario never goes to negative values} 
Mortality = (C_mort + Detritus A 4/iC_rr,ort„d A 4 + Detritus A 4))*Fish 

(Mortality is made of two parts: first is the loss ol oiornass due to metabolism 
and respiration, second is die ofi due to anoxia described by a step function that 
kick in when concentration of detritus becomes more than a certain threshold.} 
Loss ■- CJoss*Feed + Growth *0 

|A part of feed that [s not consumed by fish turns into detritus. A trick to make 
sure thai [his flow 15 calculated AFTER fish Growth as taken care oft In order to 
calculate this flow we enforce thai fish growth should be al r eady calculated } 
Accum - LOSS + Mortality 
Decomp - C_decomp* Detritus 

{Natural decomposition of detritus due to bacterial and chemical processes} 
{Functions] 
C_growth - 0,2 
C_mort = 02 
CJgss - 0,6 

CJeed = AMTiME + B)*2 + C 

C_mort_d - 20 

C_decomp = 0.1 

A = 001 

G = -20 

C = 0.1 

C_Hs = 0.3 
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Figure 8.10 



A fishpnnd model formulated in Madonna. 



Note char in a way simitar to die previous model, we have described the scenario 
of feeding as a second -ordet polynomial - except that this time we have formulated 
the polynomial in a somewhat different way- Instead of A ? "P + B * T + C, we use 
the formuU A * (T + B)~ + C- By rearranging the coefficients, we get a much bet- 
ter handle on how we control the form of the feeding curve (Figure 611), While in 
the original form of the polynomial the role of parameters A and B was somewhat 
unclear, in the new formula they have a distinct impact on what kind of feeding 
strategy we generate. This is one of the examples of how by using the right approxi- 
mation we get a better control of the changes that we try to introduce to our system. 

Of course, we could always use the graphic function to input the feeding sce- 
nario. Like Stella, Madonna allows input of a graphic of an independent variable 
(Figure 8,1.2)- We just draw the line by dragging the cursor or by inserting values 
into the table. This will certainly give the ultimate flexibility in terms of the form of 
the function we can create; howevei : every time we wish to modify this function, we 
will need to do it manually This involves opening the graphic, ch ringing the func- 
tion, closing the graphic, running the model, seeing the results - then repeating the 
whole thing again. This is nice for manual operations, but there will be no chance to 
use any of the opt i miration algorithms available. By describing the input in a math- 
ematical form as a function, we have several parameters that control the form of the 
input, and that can be changed automatically when running optimisation. This is 
clearly an advantage, which comes at a cost: we will need to stay within a class of 
curves that will be allowed as input to the model. Fot example, no matter how we 
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Figure 8,1 1 



Charges ill the leeding strategy resulting from variations of the three parameters in the 
equation. The role of each coefficient is clearly seen: A ma kes the c jrve either convex or concave, B shifts the 
graphic either horizontally, :o the right or left, C shifts it vertically, up or down. 
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Figure 8.1 2 



The graphic tool in Madonna - jt looks a little rugged, but functions as well as in Stella 



change the parameters in Figure 311 wt will noi be able to generate the inpuc us 
in Figure S. II. This does not mew that there arc no ocher functions out chere that 
can be used to reproduce the curve in Figure S. I 2. Fof example, by going tu a poly- 
nmn ml of higher order - say, three or above - we will he able to gee pretty close co 
the form of the input that i$ in Figure 8. 1 2. However, rht^ wjl! now come at a cost of 
more parameters, more complexity, longer computation times, etc. There are always 
trade-offs. 

So let us. first choose some feeding strategy and make the model produce some 
reasonable result?. With A = 0.001 , B = -JO, C - 0.2, and the rest of the parame- 
ters defined above in the equations, we get the feeding scenario and the fish dynamics 
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as shown lit Figure 8 13 We see that che fish population gradually grows until a 
certain point where the amount of detritus that b excreted and produced hy the 
decomposition of teed exceeds a threshold and causes massive die-off of fish. The fish 
population crashes, further adding to the detritus pool. Clearly, this is a condition 
we want, to avoid. So we should use caution when supplying the feed into the pond: 
there is always a risk of a fish kill if we lei it grow too fast. With rhe existing scenario 
w** am see that there is no huge accumulation of unused feed while the fish are still 
present, so we can conclude that in this case the fish kill is really caused by produces 
offish metahulism. not overfeeding. 
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If the growth coefficient for fish were smaller, more feed would be channeled to 
detritus and its accumulation could occur even taster The feeding process is clearly 
an important factor in (has ecosystem performance. If we were to optimize this sys- 
tem we would seek a feeding scenario thai would produce the highest fish bio mass 
at a certain point, so that hsh could be harvested at that time and sold for a profit. 
However, it could be a little more complex than that, .since feed is also not cheap 
and has to be purchased at a cost. So it is more likely that we would be optimizing 
for the net profit rather than just the total fish hiomass. 

Let us build an economic submodel that will cake care of all these additional 
processes and flows of money. The Madonna diagram is shown in Figure 8.14- Note 
that in addition to the ghost state variable tot fish, we have two state variables: one 
to track the number of fish in the pond and the other one to calculate the total profit 
from the pond operation. The number of fish is needed to keep track of the average 
weight of the fish. We want to take into account the fact that larger hsh with higher 
weight are more likely to cost more on the market Another important parameter that 
we can introduce and use as a control is the Time_af_sale parameter, which tells us 
when exactly we will harvest the fish and sell them, The new Madonna equations are: 

(Reservoirs) 

d/dt {Tolal_protiU « + Profit 

INJTTotal_profit = 
d/dt {Number = - J3 

INIT Number = 100 

(Flows} 

Profit = Revenue-Cost 

J3 =- if Weight > then MorralityM'eight else Number/DT 
[Loss m number ot fish when they dief 
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{ Functions} 

Fish_Price - 10 + 0,2* Weight 
Feed_pnce = 2 

Revenue = if Time > Time_ot_sale AND Time < Time_of_5ale + 2 then Ffs^ 
Pnce •'Fish else 
Time_of_sale - WO. 

Weight = if Number > i then Fish/Number else 
Cost ~ Feed_pnce* Feeding 



By introducing the Time_of_sale parameter, we have also modified two ear- 
lier equations to describe the harvest of rush and to stop reading after all the fish is 
harvested: 



Feeding = il (Time < Time_of_sale and CJeed > 0) then CJeed else 
Mortality = if {TIME > Time_of_sale + M then Fi$h/DT else 

(C_mon - DetriUJs A 4/(C_mort_d A 4 + Detriius A 4)rFish 

Now we are ready to set up the optimization process- In addition to ihe three 
coefficients in the feeding scenario (A, B, and C), let us also use the TjfHeJnf jfcalg 
parameter as a control. We have already realized that adding much teed is hardly a 
good strategy, so probably A is not going to be large - otherwise over the 100-day 
time period we vmy get quite high concentrations of feed, which will be damaging 
to the system. Let us set the limits for A as < A < 0.001, Negative numbers are 
also excluded, since we already understand that it makes little sense to add more 
feed at hist, when die fish biomass is low, than later on, when there is more fish 
to consume the feed. So most likely the winning strategy will start low and then 
increase to match the demands of t he growing fish. Let us leave some room for B: 
-3D < B < 20 As we remember, B places the minimum point on the curve relative 
to TIME — 0. We do not need a very large interval for C. which designates the mini- 
mal value (if A is positive) or the maximum (otherwise). Let us set < C < 4. 

Now, by choosing the guess values somewhere within these ranges, setting the 
goal function to be minimized to -TotaLprofit, and pressing the OK button, we can 
start the optimization algorithm. This will return a value of TntaLprotit = 246542 
after some 405 iterations of the model. The optimized control parameter values are 
Time_of_sale = 80 2895, A = 0.001 , B = -26.3, and C = 0.122. The dynamics of 
Total_profit is are shown in Figure 8. 15, We see that at first we get a loss, because we 
only spend money on feed purchases, but then at the end, when we finally sell the 
fish, we end up with a profit of 264. Using sliders, we can explore the vicinity of the 
optimized control parameters and see thet apparently, indeed, the values identified 
are delivering a minimum to the objective function, so there is no reason to expect 
that we can find a better solution. 

In some cases it is worth while exploring some very different areas of the control 
domain, just to make sure that the optimum we are dealing with is indeed a global 
and not a local one. It does look, for this given com hi nation of parameters, like the 
optimum described above is global. 

Let lis check out how the weight factor in rish price affects the optimiza- 
tion results. Will we get significantly different results if there is a huge preference 
for really big fish and the price of such fish is considerably larger than the price fot 
small fish? 
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Clearly there is some difference. Let us change ihe impact (hat weight h<H$ on 
price, using the formula: Fish_Price = 10 + 2 * Weight. Here we have increased the 
effect of Weight hy an order of magnitude, changing it from 0.2 to 2. The optimized 
parameters are somewhat different: A = 0.0007, B = -30, C = I 075 „ and Time_ 
of_sale = 67. The TotaLpront with these parameters is 579 (Figures 8.16A, 8.16B). 
Mote, however, that the optimal value reported for B is on rhe lower limit chosen for 
this control parameter. This should cause some concern, since very likely it means 
that the algorithm would rather use a yet smaller value for B, hut was not allowed to 
go there. Let us release this constraint and set B: - 50 < B < 20. 

Rerunning rhe optimisation procedure, we tind a different set of controls: 
A = 0.000347, B = --44, C - 1, and Time_of_sale - S3 The TotaLprofit with these 
parameters ls 1537.77 - an almost threefold increase in comparison with the previous 
experiment (Figure 8 16C). 

If we compare the perfoi rnaoce of this 
system with what we can get from a system 
where Fish _ Price — 10 + 0.2 * Weight, we 
will see that indeed the new feeding strat- 
egy results in tish that are fewer hut larger, 
so we can take advantage of the higher 
market prices for bigger hsh. Also note 
that if we rerun that 2 * Weight model 
with the larger parameter interval for B, 
— 50 < R < 20, we will generate a slightly 
higher Total_proht - 246 574 The control parameters we end up with will be 
A = 0.001, B = -27, C= 0.12, and Time_of_sale = 31 The differences are small 
but noteworthy. Apparently rhe value of B = — 26-5 was snll a little too ctase to the 
boundary for the algorithm to move further below to -27, which gives a better result. 
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B2tn322z&E3 Experiments with the fish weight as a factor in the fish price and therefore the total 
profit. 

A. Optimized results for low importance of weight in fish pricing; Fish_Price = 10 0.2 * Weight; B, Results 
for a higher preference (or larger fish: Fish_Pnce = 10 + 2 * Weight, For optimal results we get higher fish 
weight, while total biomass is a ctually lower. The optimization prot ess hits a constraint for B, which is set to 
B > -30; C Removing the constraint aliowsa hfitter optimal solution. We get a smaller number of fish but with 
much higher weight, which is rewarded by the objective function. 
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So hy releasing the constraints we tan end up with B - 27 and slightly different 
values for rhe other para meters, with an overall gain in the objective function - 
TncaLprofit, 

All this would make sense, assuming chat the model is correct. Unfortunately, 
if we take a closer look tat the way we presented the fish numbers and weight in this 
model, we may very well scare wondering. The number of fish should be an integer; 
otherwise it does nor make sense, A fish is either alive or dead; we cannot have 8^.6 
fish in the pond. So far we have ignored that. At the same rime, the weight is cal- 
culated as the total fish htomass divided by the number offish. This makes sense at 
rhe beginning, when we are stocking rhe pond, but later on as one fish dies it cer- 
tainly doed not mean that the rest of the fish are gaining weight. The fact that the 
number of fish decreases does not imply chat the remaining fish grow fatter' Does 
this mean that the whole model should be trashed, or some parts of it at least can be 
salvaged? 

First, we should realise that actually if the number of fish decreases rhere is still 
some potential for weight increase, because there will be less competition for feed 
and therefore each individual fish will be eating more and growing faster One quick 
fix that we can incorporate into the model equations is to make sure that Numbers 
are integers. This can be achieved by using a built-in function INT INT(x) returns 
the largest integer that is less or equal than x. So if we write 

r «,« . ^ . ,v,t Mortality . Number 

J3 = if Weight >0 then INT else 

Weight DT 

we will be really subtracting something from the variable Number only when 
(Mortality/Weight) is larger than I, and in this case we will be subtracting J If it is 
larger than 2, we will be subtracting 2 - and so pit, Making this change we do not .see 
a very big difference in model performance, but at least we can feel good that we do 
not have any ha If fishes swimming around in out pond 

Second, we may also note that actually things are not so bad with the weight- 
number controversy. Indeed, the numbers in our mode) decline only when the total 
fish hiomass also declines: Mortality is calculated as an outflow fur the Fish vari- 
able So the situation described above, when Weight is to increase with Number 
decreasing, is hardly possible; Fish will have to decline first, so the remaining Fish 
will be divided by the remaining Number, producing the same reasonable estimate 
fur Weight. The only problem is when the fish population is losing weight but not 
dying, This situation is not tracked by our model, and can cause us some trouble. 
Indeed, decreasing weight of the population, say due to malnutrition, in our formal- 
ism will result in the decline at the Number instead of Weight. 

Let us take a closer look at the results of the recent optimization. One of the 
reasons that B needed to be made smaller and smaller was to push the feeding curve 
further to the right, so that at first we had a pretty long period with almost no feed 
added to the pond and the fish population gradually starving and, under the chosen 
formalism, decreasing in numbers. If we plot the Number we will see that over the 
first 50 days or so it was gradually decreasing from 100 to about 50, Only after that 
feeding was started. So apparently the optimal stiategy that was found was relying on 
a smaller number of fish in the pond. Let us test this directly and add the initial fish 
number JN1T Number to the list of control variables that we optimize for. Now we 
will be optimizing for the number of fish that we stock in the pond (IN IT Number), 
the feeding strategy (A, B, and C) and the time of harvest <Time_of_sale). 
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The more control parameters we have, the longer the algorithm runs, However, 
it still converges with a somewhat astonishing result: IN IT Number " 1. If we keep 
only one rush in the pond, bearing in mind the extremely high value that we attribute 
to fish wetght, we will be growing tins one individual to some gigantic si~es and reap' 
ing a huge profit of 24 20. 

We have certainly learned some things about the system and about optimization. 
We have also identified some areas where the model can use some improvements 
There is a potential problem with bow we modeL fish weight. If we want a more real- 
istic model of this system, we probably need to do iron an individual basis, describing 
the lifecycle of an individual fish and then looking at the whole pond as an aj^regate 
of these individuals- Otherwise, when total hsh biomass goes down it will be always 
difficult to attribute this eirher to the death of one or more individuals in the stock (in 
which case the weight of other individuals does not change) or ro a gradual leaning of 
the whole population (when obviously the average weight of all individuals declines) 

The simplest way to fix the model will be to use the Fish variable as the mean 
weight of fish in the pond, and then to have the Number variable representing the 
total number of fish. Then we will be doing the reverse calculation to get the total 
fish biomass: we will take the Fish and multiply it by Number. Since now some of the 
variables will be defined in units different than concentrations, we also need to make 
certain assumptions about the size of the pond Suppose we are dealing with 10m X 
10m pond, J m deep, so the total volume is 100 m\ Let us see what the model will 
look like in this case. 

The new model equations wsth comments are as follows: 

{Reservoirs} 
d/dt (Fish_W) = -Growth - Metabolism 

(Fish_W is now the biomass of an individual iish in kg} 
INIT Fish_W = 0,01 

I We stock the pond with ft she s, lOg each! 
d/dt Teed} = - Growth + Feeding - Loss 

{The Feed is the concentration of feed in the pond, kg/rn 3 > 
INIT Feed = 
d/dt (Detritus) = tAccum - Decomp 

{Detritus is also the total concentration in the pond, kg/m 3 } 
INIT Detritus = 0.01 

{Let us assume that at first the pond is really clean, so we have only 10g of 
detritus in each rm 3 ) 
d/dt (TotaLproftt.) = - Profit 

INlTToial_prof:t - 
d/dt (Nurmoer) = -Men 

{Numoer is the number of fish stocked m the pond As fish may die, their 
number may decrease We assume that dead fish are picked up and do noi 
add lo the DeinTus pool } 
INIT Number - 100 

{Flows} 

Growth - if Number > 0.5 then (1-Fish_W/10rC_u,rowth ? Feed*Fish_W/{Feed - 
C_Hs) elseO 

(There is a limit to how big a fish can grow We assume that this species dues 
not get biyyer than 10 kg. The condition on Number is to make sure that if all fish 
died at least they do not continue to grow in size j 
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Feeding = if (Time <Tirne_of_sale and C_feed > 0} then CJeed else 

{Same clamping on the feeding scenario to make sure it never starts to extract 
feed from pond.) 

Methabolism = C_rnort*FishjA' 

loss = CJoss # Feed + Growth/* 

Accurn = Loss + Meiabolism* Number/1 00 

{The fish metabolism produces detritus. There are "Number" of fish, so we 
multiply by Number. The size of the pond is 100 rn'3. so we divide by 100 to get 
concentration.) 

Decomp - C_decomp* Detritus 

Prof 1 1 = Revenue-Cost 

Mort = INTdf (TIME > Time_ol_sale + 1} then Number/DT else 
{DetntusM/iC_rri0rt_d A 4 + Detritus Mi)* Number) 

{Functions} 
C_growth = 0.5 
C_m =0.02 
Cjoss = 1 

CJeed = AMTIME + B) A 2 + C 
C_mort_d = 2 
C.decornp = 0.2 
Fish_Prioe = 10 + 2 # Fish_W 
Feed_price = 2 

Revenue = if Time >Time_of_sale AND Time <Time_of_sale + 2 Then Fish. 
Pnce*Nurnber else 
Tim e_of .sale - 100 
A = 

e - o.o4 
c = -1 

C_Hs - 3 

Cost - Feed_pnce*Feeding 

Actually, this model turns out to be much better behaved and seems to produce 
even more reasonable results. You may notice in the future, when building many 
more models of your own, that the better your model gets, the more reasonable 
behavior it produces. In a way, the first indicator that most likely there is something 
wrong either with the logic or the formalism in your model is when you start getting 
something totally unexpected and hard to interpret. 

Running optimization in this model 
produces the maximum TotaLprofit = 
2572 with A = 0.00032, B = -19,43, C = 
0.00034, and Time jor sale — 67 (see Figure 
S I 7). The time of harvest is picked care 
fully to catch the moment when detritus 
approaches the threshold and starts to put 
the fish population at risk of extinction. 
A possible gam of a few grams tn tisb body 
weight is offset by more and more fish dying, and the size of the stock rapidly decreasing. 

The feeding scenario is quite sensitive to the metabolism rate used in the model, 
the C_m parameter. If we change C_m from 0.02 to 01, the optimization results 
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change quire dramatically (Figure 8.18). Now, with a lower rate ol metabolic loss, 
the accumulation of detritus occurs more slowly and it never reaches the critical con- 
ditions that may cause a fish die-off. Therefore, the optimization works only to try to 
get the fish weight to as high a value as possible, spending the least on feed. Notice 
that the feeding strategy now is significantly different from what we have been getting 
before. We end up with a higher Total.profit = 2947 with A = -C.000O64, B = 
- 3 2.4, C = 0.248, and Time_oLsale = 74^ 

Certainly, if we were to apply these modeling and optimization tools to some real- 
life System we would be constrained by actual monitoring data, and the model param- 
eters would be measured in some experiments. Thr main purpose of this exercise 



B i^a Fish _pond_new2- Bun l:C.feed, Number vs. TIME ,BB 



Run 1 bOOO steps in 1 seconds 




ID 20 30 40 50 £0 70 80 90 100 
TIME 




UIHSSiXi&Isfl A very different feeding strategy works better when the metabolic rate is low. The 
optimum is reached when we get the fish weight to as high a value as possible, spending the least on feed. 



has been ro show how optimization works and how it can be used to derive possibly 
the best strategies for managing systems. There is hardly any other way in which, by 
means of reasoning or experiment we could match the efficiency of the optimization 
magic, when in a insurer of seconds or minutes hundreds and thousands of scenarios 
are compared and the best ones are chosen. We have also seen that there are always 
caveats and uncertainties that need to be carefully analyzed and realized when mak- 
ing the real management decisions. 
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Figure 8.19 



Nitrogen loading and concentration of nitrogen in the Patuxent River under different 
scenarios ol landuse. 

The different patterns of lanrJuse result in different loading factors for nitrogen and, as a result, produce 
different levels of dissolved nitrogen in the estuary 



cell to make the change'? If it is just one cell that we modify, where should this cell 
be located? 

Besides while parameters can be changed continuously, maps - especially land- 
use maps - are categorical. It means chill numbers on a land use map stand for dif- 
ferent landuse types - for example, 1 is forest, I is corn, 3 is wheat, etc. But ic could 
be also any other way round - ) is forest, I is Corn, 2 is wheat, etc.. It really does not 
matter how we code the different land use types. Therefore, a "little" change on the 
map does no: mean much. We can change I to 2 or to \ or to $9, but in effect we 
Will be changing only one kind use type on the map Instead uf continuous changes 
we get discrete variations of our control map- 
There are no good optimization methods lor this kind of task. Let us look ar the 
example of a model bud: for the Hunting Creek watershed, which is located within 
Calvert County in Maryland, USA. The 2 2. 5 -km* watershed belongs to rhe drain- 
age basin of the Patuxent River (2|356km ), which is one of the major tributaries of 
Chesapeake Bay. Soil types are well drained, mostly severely eroded soils that have 
a dom inanity sandy-clay loam co fine sandy loam subsoil The annual rainfall varies 
between 400 and 600 mm. Main Imiduse* of the watershed are forest and agricultural 
habitats. Rapid population growth, development and change in landuse and land 
cover have become obvious lectures of the bind scape. 
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The ecosystem model we will look at is an implementation of the Patuxent model 
(PLM) for the smaller subwatershed. It covers the hydrologic processes (above ground, 
in the unsaturated soil zone and in groundwater), plant growth and nutrient cycling. 
An important featuie of the model is that it is grid-based. Many regional models 
assume spatial aggregation to larger units, called elementary landscapes, elementary 
watersheds, elementary areas of pollution or hill-slopes. These units are considered to 
he homogeneous, and form the basis for the hydrologic flow network. If we are to con- 
sider scenarios of landuse change, generated by the economic considerations, which 
were not envisioned in the design of the elementary spatial units, this approach may 
be inappropriate. The boundaries between spatial units are fixed and cannot be modi- 
fied during the course of the simulation, which may be somewhat restrictive. 

In the model we use, the landscape is partitioned into a spatial grid of square 
unit cells. The landscape is described as a grid of relatively small homogeneous cells, 
and simulations are run for each cell with relatively simple rules for material fluxing 
between the cells. This approach requires extensive spatial data sets and high compu- 
tational capability in terms of both storage and speed. However, the approach allows 
quasi-continuous modifications of the landscape, where habitat boundaries may 
change in response to socio-economic transformations. This is one of the prerequisites 
for spatial optimization analysis, since it allows modification of the spatial arrange- 
ment of the model endogenously, on the fly, during the simulation procedures. 

As described in Chapter 6, with the SME approach the model is designed co 
simulate a varieiy of ecosystem types using a fixed model structure for each habitat 
type. The model captures the response of plant communities to nutrient concentra- 
tions, water and environmental inputs. It explicitly incorporates ecological processes 
that determine water levels or the content of surface water and the saturated and 
unsaturated soil zone, plant production, nutrient cycling associated with organic 
matter decomposition, and consumer dynamics. Therefore, the simulation model for 
a habitat consists of a system of coupled non-linear ordinary differential equations, 
solved with a 1-day time-step. 

Let us now formulate the optimization task. The study area can he described as 
a set of discrete grid points R = {(i, ;), < n ; < i < N, < N; < m } < j < M } < M) 
(Figure 8.20). N is the number of cells in the row, and M is the number of cells in the 
column. Not all of these cells are in the study area. A cell that belongs to the study 
area is denoted by z e R. Six different landuse types are encountered in the study area: 
soybeans, winter wheat, corn, fallow, forest, and residential. We will assume that the 
residential areas are fixed, but otherwise landowners are free to decide what type of 
crop to grow in a cell, or whether to keep it forested or in fallow. Let c{z) be the lan- 
duse (or habitat type) in cell z The control parameters in our case are the landuse 
types that are chosen for each cell. The set of landuse types will be L - {soybeans, 
winter wheat, corn, fallow, forest}. Then R c - {z G R | c(z) € L} stands for the set of 
grid points that can be controlled with controls chosen from L. Let H(c,z) be the 
yield of crop c (if any) harvested from cell and N(?,0 be the amount of nitrogen 
that escapes from cell z at time t. The other control decision that farmers can make is 
the amount of fertilizer to apply: let F(c,i) be the amount of fertilizer applied for the 
habitat type c at time c. The time of fertilizer application could be another important 
control parameter, but let us not further complicate the problem, and assume that fer- 
tilizers are timed according to the existing best management practices and the only 
factor we can control is the total amount applied. 

Qualitatively, our goal is to find the optimum landuse allocation and fertilizer 
apphcanon to reduce nutrient outflow out of the watershed while increasing total 
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BMMEI£jimsBEA2M [tie study area for the Hunting Creak model 

Only the cells that are on the map will take part in the optimizatron. The cells in the water category will not 
change and therefore can also be excluded. 

yield. So the objective function (performance criterion) will need to account for crop 
yield, fertilizer application and nutrient outflow The first two factors are easier to 
compare, since we can operate in terms of prices. The revenue from the yield over the 
whole study area is 

A-X>h (c)H(c. z) 
where p H {c) is tne current market price of crop c. The price of fern I iters applied is then 

s e.H ]<kt 

whereof is the unit puce of nitrogen fertilizer Obviously, A is to be maximized while 
B is to be minimized, which means that (A - B) is to be maximised. A - B is the 
"economical 11 part of the goal function. 

There are different ways of modeling che "ecological" part of the performance 
criterion. One possibility is co take into account the total amount of nutrients gener- 
ated by all the ceils in the study area, 

c = E E « fe <> 

This is the distributed nutrient leaching. More realistic, and comparable with meas- 
urements at gauging stations, is the amount of nitrogen in che outlet cell of che 
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watershed zq- This rakes into account the compensation mechanisms of uptake along 
the pathways of nitrogen while it travels across the watershed and estimates the 
actual water quality in the river estuary: 

c = E N { *o» l > 

1<r<T 

In both cases, C is to be minimized. The crucial problem is to integrate the "eco- 
logical" part C and the economic parr A — B into a scalar objective function. For 
this purpose, C has to be expressed in units that can be compared with the dollar 
measure that we have in A — B. Let us assume that there is a weighting coefficient /, 
which can convert our C measured in gN/m 2 into dollars, which we use to measure 
the profit A — B. Then we can formulare the goal function as 

j = A-B-/C (8.4} 

The optimization task is: Find maps c and F* which maximize J— > max. As 
noticed above, the real problem for the optimization algomhm is to figure out how 
to find every next better combination of parameters to further improve our result. 
When we were dealing with numbers there were several methods, the most obvi- 
ous of which is to continue the trend. That is, if we start to change a parameter in 
a certain direction (say decrease or increase its value) we should stay on this course 
as long as the results continue to impiove. Or we could follow the gradient. That is, 
check a parameter change in one direction (increase), then the other (decrease) and 
see where the objective function performs better (say, has the minimal value). Thar 
will be the parameter value that we take as our next approximation. 

But how do we do that in case of maps, especially categorical maps? If we changed 
from I to 2 going from soybeans to winter wheat, we could continue to 3, which is 
corn. But that would have little sense, since 3 may have also been forest or fallow. 
We just chose that value of 3 to represent corn. There is no real reason that a 3 and 
not a 4 should represent corn. There is no such thing as an increase or decrease of a 
category value: we are switching to a different landuse only, the number itself has no 
meaning. We may have easily used letters instead of numbers on the map. 

We end up with a so-called combinatorial optimization problem. To get to the 
solution, we really need to sort through all the possible combinations of the five pos- 
sible landuse types over the study area. The number of possible combinations for 
the task in (8.4) depends on the size of the study area. For example, foi the Hunnng 
Creek watershed, which is represented by \R C \ = 1681 controllable cells of 200 X 
200 nr with five possible landuse types, we get I, = 5 1681 different patterns of landuse 
allocation. Remember that for each of these landuse maps we will need to run our 
model for at least 550 days to cover che vegetation season, including winter to accom- 
modate for winter wheat, which is planted in the fall but grows in the spring. On a 
high-end workstation, the model takes about 3 minutes to run. On top of that we also 
want to test for various fertilizer application rates, but even without that it is clearly 
much longer than the time required to finish reading this book. Actually, the age of 
Earth is about 4.5 ■ 10 9 years, and we are asking for something around 6 ■ 10 im years. 
Even the best supercomputer will not help us. There should be a better way to solve 
the problem. 

Generally, when mathematicians end up with a problem that they cannot solve 
they start simplifying it by making certain additional assumptions about the system. 
Let us do the same for our system by taking into account the following considerations. 



After all, the landscape operates as a com hi nation of grid cells, and perhaps we can 
assume that the connections her we en lh«iC cells are not that important. This means 
that perhaps we can get something if we solve the optimisation problem for each 
individual cell, and then pi educe the overall landscape by combining the landuses 
that we hnd optimal for these ceils 

In r K is case we will need to define d local objective function tor each grid cell. 
This is structurally different, Ivecause it aims co map the regional goal function onto 
the pn^esses in a ^nd cell. The basic idea is to tiy to spin our global opt i nidation 
problem, which is spatiaL and which has cells spatially connected, into a enmhinat ion 
of local opt mi i.ation problems, ignoring rhe spatial connectivity between the ceils 

for every grid cell, z, w-e define the objective function as a function nf z- Let 
A{z) = folic) M(c,z) he the local pro fir from crop yield; B(z) = p^ t F[z f i) be the 
local cost of fertilizers applied, and C{z) = I ( N(^-0 he the am mint ol nitrogen 
leached locally. A{^) h B{z) and C(z.) are now calculated for a specific cell They do 
not require integration over the entire study area. Ba^ed on rhi.s, the local ynal func- 
tion tor every cell is then: 

J(i) = A(z)-B(z)-aC(z) (8,5) 

and the optimization task is: For each cell z £ R- find c'{z) t L and F ix) which 
maximize j — • {z) max. Once we hnd the landuse and the fertilizer application rhat 
is optimal for each individual cell, we can then produce the global solution as y map 
made nf the.-ie local optimal solutions (actually two maps: one for land use, the other 
one for fertilizer application). 

The problem is now reduced to opt imitation of landuse and ierriLizer application 
for every grid cell - but now this becomes feasible Indeed, assuming homogeneous 
bridge and several discrete stages of possible total fertiliser input, S *Y six stages F E {0, 
25, 50, 75, 100, I50kg/ha} } our task J, < |F| |L| = .36 combinations. Considering 
that no fertilisation takes place lor c € {forest, fallow}, we £»et l* = 26 combinattons. 
Yes, this approach neglects any neighborhood effects- We have abo implicitly intro- 
duced anoiher assumption - that is, thar the effect of fertilizer is smooth and continu- 
ous, with no significant thresholds. Otherwise it would be incorrect to use the six -step 
scale of fertiliser application that we described above, But making these assumptions 
we reduced the task to something we can easily solve. Indeed we need to run the 
model only 26 times and then produce the global solution by simply chousing the 
optimal landuse and fertiliser rate for each cell. 

Actually, the local task gives us a worst-case scenario. In terms of 'nutrient out- 
flow, the global approach could take into account rhi- retention capability of the 
landscape, when the next cell downstream captures nutrients leached from one cell 
The local ;ipproach no longer allows that, and therefore gives us a worst case upfier 
estimate of the net nutrient outflow. 

The solution nf the local task performs a grid search through the entire control 
space, assuming a homogeneous landuse and identical fertilizer amounts for each cell. 
So what we need is to run che Hunting Creek model assuming that the whole area is 
covered by one of the agricultural crops, and do it six times for each crap chan^in^ the 
fertilizer application rare. That will he 4 (landuses) X 6 (fertilizer rates) = 24 model 
runs. Then, in addition, we run the model using an all forested and albfellow landuse. 
These are not fertili-ed. Those are the 26 model runs estimated above These runs are 
sufficient to give us the A(?), B(t), C(z) of the local objective function as maps. Usm* 
these, we can calculate for all cells and choose the maximal value for each cell. This 
solution corresponds to a certain landuse and fertilizer rate in each cell. Putting these 
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Figure 8.21 



Distribution of landuse in the optimal pattern as a function of the environmental 
awareness parameter X. 

We start with a fully ploughed watershed all covered by soybeans, the most profitable crop As I grows, there 
are fewer crops and more forest in the watershed. 



into another map, we get a wiution to the global tusk. T&a pair of maps can be then fed 
into a spatial simulation EG calculate the value of the global performance criterion. 

The estimation of local optimum landu&e maps does not require any computa- 
tional effort. Once we have all possible combinations in the maps A{i), B{z) and 
C{z), we can study how weighting parameter A affects the results. As you may recall, 
this /. parameter represents the relative importance or weight of the environmental 
concerns, in our case measured in terms of nitrogen content in the estuary. Figure S-21 
shows the results of a parameter study for the Hunting Creek watershed plotting the 
number of different landuse types as a function of I. The corresponding results for the 
total feftiiiker application are presented in Figure 8 22- As we can see, while the rate 
of fertilizer application quickly drops as environmental awareness grows, there is also 
a significant change in the composition of landuse in the watershed These graphs do 
not tell us much about the spatial distribution of landuse. Let us take a look at some 
of the spatial output. 

Figure 8 23 shows maps of optimum land for se veral / values. We start with a zero 
value for which is the "why would I care about the environment!" scenario. In this 
case, we get the monoculture solution plant the most valuable crop (in this case soy- 
beans) in die entire study area, wherever possible. The only other cells that remain 
are the residential and open- water ones, since those are non-controllable cells. As 
we start increasing k t some forest appears. The more we get concerned with nutrient 
outflow (and push A up), the more forest will appear in the study area. At the same 
time, agricultural cells change to crops with a better nutrient uptake/yield efficiency. 
This succession of crops also depends on the market prices of the crop It we were to 
run these calculations today the results would most likely be different, because of the 
jump in price of com, instigated by growing demand for corn-based ethanol. 



Optimization 



345 




Figure 8.22 



Application of fertilizer as a function of ).. 
Application of fertilizers plummets as environmental concerns about water quality start to dominate 



What \s also remarkable is that we can actually see how, with growing X, forests 
first appear along the scream network and then gradually spread our. There is noth- 
ing in the objective function that would he directly responsible for that, yet there is 
a clear pattern. Could we interpret this as yet another evidence of the important role 
of forest buffers 7 Clearly, we get the most "bang for bucks 11 when forests are located 
along the streams 

Of course, once the global solution is produced, based on the local one, it makes 
sense to check whether it is really optimal in the global sense The most obvious 
way to do this is to disturb the solution and see if the results we get ate consistently 
"worse" than what the optimal result delivers. We can use the Monte Carlo method 
and randomly choose some cells and randomly change the landuse in them. Then we 
can run this new disturbed map through the model and check [i the result gets any 
better than that found above. In the case of the objective function that uses water 
quality as an indicator of environmental quality, we do not find any better solutions 
than that identified by the local algorithm. Apparently for this task our model -sim- 
plification wns not damaging in any way, and we achieve a solution to the global 
optimization task. For nutrient content, the neighborhood connections seem to be 
negligible- 
Unfortunate ly s the local method does not work so well in all cases For exam- 
ple; another way to account for environmental conditions is to look at watershed 
hydrology. As we have seen, changing landuse types also changes the infiltration 
and evaporation patterns, which in turn affect how much water ends up in surface 
runoff. Very often as a result of deforestation we see an increase in peak flow (the 
maximum flows after rainfalls are elevated), while the hasetlow plummets (the flow 
between rainfalls under dry conditions) If we try to incorporate this concern into 
our objective function by, say } maximizing the baseflow, we get another optimization 
task If we try to apply the same set of assumptions, and rind an optimum using the 
local algorithm, we may be quite disappointed to find that the corresponding global 
solution does not seem to be optimal Running some Monte Carlo tests, we easily 
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Figure 8.23 



Change in landuse pattern as a function of 



find that the local so Luc ion can he unproved hy changing some ceil categories on the 
map. So the method is nor universal and docs not work For all systems and objective 
functions, Howevei, when ir docs work, it produces a very fast and efficient way to 
find the optima. For example, in the same system if we were ru optimize for NPP {net 
primary production - another important proxy used in ecosystem services analysis), 
we would find the method working very nicely. 
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grow roots to get more water from the ground. They may even shed some leaves to 
cut on evapotranspiration. When conditions are favorable, plants will grow leaves. 
If there is not enough light, they will try to grow the trunk and the branches, to get 
higher up towards the sunshine. All these mechanisms can be pretty hard to describe 
and model. Racsko and Svirezhev came up with an interesting idea to model this 
based on optimally principles (Racsko, 1978). 

Suppose the plant has a goal, which is to grow as much as possible under the 
existing conditions. If that is the case, then on each time-step the new fuel should 
be distributed among the different parts of plant in a way that will ensure maxima) 
production of new fuel over the next time-step. This means that for every time-step 
we will solve an optimization problem: 

max F(t, c,q) 
t> 

where F is the newly produced fuel at tune i that is to he distributed among leaves, 
branches and roots according to the proportions p — (pj, py, £3), respectively, 
P\ + Pi + Pj — 1- c — ( c n Cit *■■) ^ the vector of ambient conditions (temperature, 
soil moisture, etc.), and q is the vector of model parameters (photosynthetic rate, res- 
piration rate, etc.). So at each time-step we assume that the ambient conditions will 
be the same as during the previous time-step, and then optimize for the best distribu- 
tion of the fuel available to produce the most fuel during the next time-step< 

Note that by making this assumption about some optimality principle involved 
in the process of plant growth, we have eliminated a lot of unknown parameters that 
otherwise would have to be either measured or calibrated. The only problem is that 
in most cases we do not really know whether these optimality principles really exist 
and we are reproducing some real process (plants deciding what to do depending on 
environmental conditions!), or whether the optimality that seems to be in place is 
just an artifact of a combination of many other processes such as the ones brought by 
the evolutionary process and natural selection m living systems, many of which we 
do not really know or understand. Here is another example. 

Above, we have seen how different levels ot environmental awareness result in 
different patterns of landuse distribution. Each value of the awareness coefficient X 
creates a landuse distribution that is optimal in a certain sense. That is, depending 
upon how high we value environmental quality in comparison wLth economic profit, 
we get different patterns of landuse (Figure 8.23). This begs for a reverse problem 
statement. We know what the existing landuse distribution is, Is there a a that will 
describe it? Or, in other words, can we judge the environmental awareness by the 
landuse pattern observed in an area? 

To answer this question, we will need to compare maps from the set generated 
during our optimization process with a map of landuse for, say, 1990, which is avail- 
able. We know how to compare numbers. We can figure out how to compare many 
numbers at the same time- That is what we are doing when calibrating a model and 
rising an error model. This error model is our way of wrapping up several numbers 
into one to make the comparisons needed. However, in the case of map comparisons 
the task becomes more complicated. It is not just the total number of cells in differ- 
ent categories that we are interested in; it is also their spatial arrangement. 

For example, in Figure 8.24 we see that the map on the left has the same number 
of black cells as the map on the right. The number of gray cells is also the same. 
However, the maps obviously look very different. On the other hand, maps in Figure 
8. 23 also have the same number of cells in different categories and do look alike, 
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Figure 8.24 



quite different, 



While the number of cells in different categories can be the same, the maps will look 




■_ 




Figure 8.25 



In other cases the number of cells in diHereni categories can he the same, b jt There will 
be no single cell that exactly matches the corresponding cell in the other map - yet the maps will look similar. 



even chough not a .single pair of corresponding cells on the two maps has matching 
colors. So u is not just the total number of cell* that marreis, bur also the pattern, 
the spatial arrangement, or the celL 

The human eye is a pretty powerful tool For spatial map comparisons. We are quite 
g»Tod 'it distinguishing pa teems and finding similar maps, as long as we have an agree - 
menr on a criterion for comparisons. Figure 8,26 shows some maps thai were offered 
as part nl a survey to ci >mp<m' some machine al^rithms with human identification 
Mosr of rhe algorithms of map comparison that try to recount for pattern are based 
on the idea of a moving window wneie, in addition to a cdl'fcy'cell comparison, we 
start looking at an increasingly expanding vicinity of edit and search for similarities 
in chest neighborhoods, not just at the cell- by -eg 11 companscsn (Figure S 27) Some 
of these method? get quite close to visual comparisons, and can he used for objective 
automated map comparisons. 




Figure 8.26 



l^&liifiBifiul Pairs of maps offered for comparison in the survey. Most of the participants said that 
pair 4 is the closest - wouid you agreed 
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Figure 8.27 



How a moving window algorithm works. 
We start with a cell-by-cell comparison. Then we start including the vicinity of a cell and see if there are any 
matches in the neighborhood. Then we can gradually expand the window to see if there are more matches. 
The matches in the wider windows get a lower ranking in the overall comparison index. Oo you think you were 
doing something like this when you where visually comparing the maps in Figure 8.26? 



This is exactly what we need to solve the problem: find an optimum landscape 
that will match a real landuse map. Using the local method described above, we can 
easily generate the whole series of maps for the various values of /.. Before we get 
into the complex methods of map comparison, let us hist find the A for which the 
number of cells in different categories of the optimal solution match those of the 
1990 landuse map. 

That is where a surprise is waiting for us. As we change the value of a, we can 
see how the number of forested cells gradually increases- At X = 350, we find thai 
the numbers of cells in all categories (forest and aggregated agriculture - we did not 
have any information about the actual crop allocations) m both the optimal map 
and the landuse data match. What is really surprising, is that, looking at the map 
that corresponds to this /. = 350, we find that it is not just the number of cells that 
we have matching; it is also the pattern that looks amazingly alike. See for your- 
self, looking at the two maps in Figure 8.28. Even without any map comparison algo- 
rithms, it is pretty clear that the maps have a lot in common. 

Does this mean that we have inadvertently found another optimality principle 
that, in this case, governs landuse change? Are the landuse patterns that we currently 
have indeed results of some optimization. 7 It is clearly too premature to jump to this 
kind of conclusion. Many more case studies should be considered and a variety of 
objective functions should be tested to find out if there is really something meaning- 
ful m this result. However, it does make sense to assume that indeed humans apply 
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1990 landuse 



A = 350 
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Comparison of The real 1990 landuse map with the result of optimal landuse allocation 



with a - 350. rue patterns seem lu tie remarkably close Does this mean that the existing landuse js a result of 
some optimization process? If we find this process, would it help us figure out what can be the future landuse 
mgps? 



some npcimality principles in their LMiiJu.se allocation decisions As a matter of fact, 
it should not be surprising at all chat agricultural land is allocated m areas where the 
yields stncl profits are miiximized. WIiek is Surprising is that the /. factor actually does 
play a role. But again, chances are that, it is not the environmental concerns that stop 
further expansion of agriculture but something entirely different, and it is just that the 
agriculture stays in areas where it is most profitable while other cells get transferred to 
or her landuse. 

Still, this comparison gives us a numeric value tor k that suddenly becomes a 
meaningful index that can be used to value certain ecosystem services. As noted 
above, the units for X are $/{gN/{Tr), so every g N/rrr chat is allowed to escape from 
the land and travel to the estuary of the watershed has this dollar value ($350) 
under current landuse conditions We can now run the model with no forest, com- 
pare the amount of nitrogen that will he released in that case to what we have now, 
and derive the value of the nitrogen- retention service provided by the forest ecosys- 
tem on this watershed" Some back-Qf'rhe*envelope calculations can tell us that it, 
according to Figure 8,19, the dilference in nitrogen runoH between an all-forested 
watershed in 1650 and an a I hagTi cultural watershed can be an order of magnitude or 
more, then each square meter of forest wdl be producing $1,500 worth of ecosystem 
service. If we multiply thar by the total area of forest in Hunting Creek watershed, 
we will get ... well, a lot of dollars. 

Anyway, optimisation is an exciting cool to explore It can help us to understand 
many of rhe features ol the systems that we are studying. By running the model so 
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many rimes under various conditions, ir reveals behavioral patterns that otherwise 
would remain obscure and unexplored. 

Further reading 

A good primer on optimization is a book by Diwckar, U. (2003). Introduction to Applied 
Optimization. Kluwer, 333 pp. 

For more details on the Chernobyl accident see the Nuclear Energy Agency website at http://www 
ney.fr/hunl/rp/cKernobyl/allchernobyl. html, where you can doumload the report "Chernobyl: 
Assessment of Radiological and Health Impacts. 2002 Update of Chernobyl. Ten Years On'\ A good 
brief account is givm at http://www.Liic.com.au/nip22.Htm. More links can be found at http.//ww\v. 
chernobyl legacy.com/. 

There is a large body of litem Lure on discounting. A brief analysis of discounting and how a applies 
w susiamabdivy . can be found in Voinov, A. and Farley, ]. (2007). Reconciling Suscainabiliryj 
Sysrcms Theory and Discounting. Ecological Economics, 63:104-113. Anoihei interesting paper 
is Sumaila, U., Walters, C. (2005). In tergene rational discounting: a new intuitive approach. 
Ecol Econ. 52, 1 35-142. 

The 1PCC - The hiuirgovenimental Panel on Climate. Change - k probably one of the most 
respected bodies on global warming and the future of climate on ihis planet (hrrp7/wvvw ipec 
ch/). Despite all the criticism thai it gets from the climaie change nay-sayers, they have tmxluced a 
series of reports that present the existing consensus among a msi majority of scientists. There are cur- 
rend\ four repwts available, in which the climaie change forecast }\as been getting increasingly grim 
and alarming, while more efforts were requested from the gowwngnts and international organiza- 
tion. The '1PCC Second Assessment- Cliniace Change 1995'' is available at http://uww.ipcc. 
ch/pdf/cl i mare-chances- 1 99 5/LpcC'2nd-assessmenr/2 nd-assessment-en.pdf. 

A model of a fahpond that can be considered as a mare complex wsicm of the one presented here 
appears in Svircihev, Yu.M., Krysanova, V.R, Vomov, A. A. (1984) Mathematical mcxlellmg of 
a (ish pond ecosystem. Ecol. Modelling, 21: 315-337. 

A general description of the Paiuxent model lhat we used here can be found in Costama, R., Voinov, 
A.. Bounmm, R., Maxwell, T., Villa, R, Voinov, H. and Wamger, L. (2002). Integrated eco- 
logical economic modeling of the Panixent river watershed, Maryland. Ecological Monographs, 
72 (2): 203-231. For more details on ihe processes and model structure see Voinov, A., fitz, C, 
Boumans, R., Costanza, R. (2004) Modular ecosystem modeling. Environmental Modelling and 
Software. 19, 3: pp. 285-304. 

The spatial optimization technique was developed in Seppelt R., Voinov, A., 2002. Optimization 
Methodology for Land Use Patterns Using Spatial Explicit Landscape Models. Ideological 
M<xleling t 151/2-3 pp. 125-142. Further details are in Seppelt R., Voinov, A.. 2003. 
Optimization Methodology for Land Use Patterns - Evaluation based on Multiscale Habirat 
Pattern Comparison. Ecological Modeling, vol 168(3): 217-231. 

The application of opumalny principles for modeling plant growth was the topic of the PhD dis- 
sertation of Peter Racsko, with Yuri Svirezhev as his advisor. The PhD thesis is available only in 
Russian Racsko, P (1979). Imicacionnaja model dereva kak elemema lesnogo biogenoceno2a 
(Simularion model of the tree growth, as the element of the forest biogeocenosis). Vop). 
Kibem, 52, USSR Academy of Sciences, Moscow, pp. 73-110 (In Russian with English sum- 
mary), and was never published m any mten\auonal journals . The principle was further applied to 
agricultural crops and modified to include the reproductive organs (seeds) that planis grow and ihat 
after a certain biological ame become the mam and only recipient of die newly pn-oduced material m 
the plant This is described in Racsko, P. and Semenov, M. (1989). Analysis of Mathematical 
Principles in Crop Growth Simulation Models, Ecological Modelling, 47: 291-302. 

A good review of model comparison techniques is offered by Kuhnert, M«, Voinov. A.. Seppelt, R. 
(2006). Comparing Raster Map Comparison Algorithms for Spatial Modeling and Analysis 
Photogrammeinc Engineering & Remote Sensing, Vol. 71, No. 8; 975-984- 
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SUMMARY 

There are no formulas and almost no figures in this chapter, and this is because now 
we are figuring out what happens to models when they sre hit night nut for human 
use and action. This is when we need to speak T interact and communicate more to 
explain why and how we huilt our models and what use they are- We will look at 
a brief history of global climate-change modeling as a terrible example of failure to 
communicate the scientific results in a timely lash u in, to make people understand 
the possible disasters and make them act accordingly. Participatory modeling will he 
then considered as one possible tool of stakeholder interaction that has the poten- 
tial of overcoming these disconnects between the modelers and the society at large 
Participatory modeling uses rhe modeling process as a way of joint learning and 
understanding zo build consensus and help make better decisions- The open-source 
paradigm offers a promising framework to support participatory modeling and other 
open and shared decision support tools. 

Keywords 

Global climate change, failures of governance, uncertainties IPCC, Kyoto Protocol, 
Shared Vision Planning, mediated modeling, Companion modeling, stakeholders, 
scenarios, model transparency, modularity, open -source software, Linux, General 
Public License, gift economy, weh tools, intellectual property, collaborative research, 
community modeling, open data, open access publication, watershed manngement. 



9.1 Why models don't work 

So now we know how to build a model, how to make it run, how to snalyie it and 
produce results. Does this metm that we are ready for success stoned Unfortunately; 
there is still one element missing. How do we make people listen and act according 
to the findings from our model? After all, in most cases we were building the model 
to find our something and to mnke the right decisions based on our findings. The 



355 



356 Systems Science and Modeling for Ecological Economics 



gttt of modeling is to simplify the reality to improve the understanding of real-world 
processes. But we da it for a purpose; we want to hnd solutions for the real world 
problems and to make better decisions to improve life and avoid disaster. Otherwise , 
why bother modeling' 

The thoughtless and selfish, indeed, who fear any interference 
with the enjoyment of the present, will be apt to stigmatize all 
reasoning about the future as absurd and chimerical. But the 
opinions of such are closely guided by their wishes, 

W,S. Jevons, 1865 



In most cases, people have preconceived notions about the problem, They 
come 1:0 the table with some ideas about the solution. In many cases, they are st ? 
entrenched in their opinions that it becomes almost impossible to find a common 
ground. We all build models. But our models nre different. 

In engineering or physics, after all, we have the "hard" science, the experiment 
and, ultimately, the system that wdl either work or not. If we want co model a bridge, 
we know that there will be the ultimate test that will tell us whether the model 
was right or wrong. If the bridge collapses, then the model was wrong - and no one 
wants that to happen, if we model weather and forecast a rainfall, we will soon know 
whither we wert* right or wrong; we can then adjust our model and, most impor- 
tantly, again the society at large wants our model to be correct. 

In ecology or ecological economics, things get messy, first, there is the addi- 
tional uncercaincy thar comes from humans betnq part of the system. Human hehriv> 
ior may be very complex, unpredictable and heterogeneous. There is no single taw 
(like Newton's law or the law of gravity in physics) that can be directly applied to 
every human and will hold. The science of psychology is trying to come up with 
some general ru!es of human behavior, but we are clearly not there yet- Different 
people have different preferences for goods and services, have different goals and 
aspirations, and different levels of ecological awareness. All ihese factors cause dif- 
ferent patterns of human behavior in an ecological-economic system, and will steer 
the system to different outcomes. Economics has rricd to explain economic behnvtnr. 
Some 20 years ago, the assumption that individuals are purely rational, fully informed 
maxiinuers (they maximize either their utility or profit) was a shared understand- 
ing among economists However, the evidence from experimental economics has 
.ilrered these views. Apparently, people are sometimes irrational, do not possess all 
the information to make a decision in a complex ecological-economic environment, 
have different Levels of risk awareness, and so on- This actually means that people 
may respond differently to the state of an ecological-economic system and exhibit 
different strategies of resource consumption For example, some American Indians 
certainly had very different views on natural resources (remember the seventh-gen- 
eration principle we mentioned in Chapter 2 t page 14) than the white people who 
came to their land. Which behavior model should we choose, if we go beyond one 
individual and need to model rhe economic behavior for a whole fegluFl or coun- 
try? If the rational maximizing individual model is not valid, then which one is ? 
Now, economises talk about heterogeneous consumer models, hut those are far more 
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complicated, with many more uncertainties Tims, a I chough m 11 hard" science we 
know for sure chat wntur will flow downhill u>r that an object with a certain mass 
will fall down to the ground with a certain speed), we am never lie 100 percent sure 
about human behavior, h is as if we are modeling a bridge, nor knowing for sure 
whether the right amount of concrete will be poured nr whether rhe bridge will he 
actually used for travel or for a rock-iV-ioll concert. 

Second, humans are also users of the model They iruy have the desire and 
power to ignure, twist am! distort ihe results of the model They have theLr own pri- 
orities and vested interests and may 'like" some results at\c( "dislike" others. There 
are likely to be parties that du not want our model to produce certain results- For 
example, if you are predicting rainfall and I make a living betting on drought and 
selling sunglasses, I will want your model to be wrong - or at least to make sure chat 
nobody believes in your forecast. 



There was a well-known dispule oetween Paul Ehrhch and Julian Simon. Ehrlich, an ecoiogisi and 
professor of ooouJanon studies, forecast that some of the mam resources would gain in once over 
the next several years. Simon, a mains tream economist- claimed that their price would drop. His 
theory was thai it is not the natural resources that may be a limiting factor, but rather the number 
of human brains that are there to solve problems. So the higher the world population,, the merrier 
it will be. Eventually, Simon bet that the price of any set of raw materials would be lower 10 years 
from now than it is today. Ehrhch and his supporters took up the challenge and, in Octooer 1980, 
•chose five metals: chrome, copper nickel, tin and tungsten. Simon won the bet as, by October 
1990, the composite price index of these five metals had fallen by more than 40 percent. Note, 
however, that this was not a fair game, since actually Ehrhch {as weil as other environmentalists) 
was working hard during those years to try to lower demand for natural resources. So actually he 
was betting against himself 

This is just to illustrate that it makes little sense to predict the behavior of open systems, 
where humans themselves are likely lo change those systems. If you think that global warm- 
ing is happening, yoc are more likely to do something about it. So don't bet on it, since it is 
hke y thanks to the efforts of yourself and people who think your way, that the process may be 
slowed down, You may be betting against yourself. Instead, keep on with the good work. 



The recent global climate change saga provides a spectacular example of how this 
happens. It dates back almost 200 years, to when Edmc Mariotce, Horace Benedict 
de Saussure, Fourier and Poulhet did their experiments, collected data and laid the 
foundation for some theoretic a I generalisatioils, By die 1850:;, Tyndall was measuring 
various gases 1 absorption -emission behavior. Arihenuis wrapped it all up in his 1895 
talk to rhe Swedish Royal Academy and in a subsequent April 1896 paper, "On the 
Influence of Carbonic Acid in the An upon the Temperature of the Ground" {The 
London : Edn\l?ur$)i , and Dublin Philosophical Magazine and journal a} Sat nee). Thar CO? 
can change rhe absorption ri^ht in the middle of Earth's outgoing blackbody spectrum 
has been understood fur a long time. 

In 1938. Guy Stewart Callendar discovered that global warming could be 
brought about by menses in the concentration of atmospheric carbon dioxide due 
to human activities, primarily through burning fossil fuels. This is the untold story, 
just recently discovered by a historian, James Fleming, of the remarkable scientist 
who established the carbon-dioxide theory of climate change. These findings were 
based on some simplified theoretical models. Then, during the twentieth century, 
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these models were consistently improved, incorporating more detail and mecha- 
nisms, culminating in a dozen or more Global Circulation Models (GCMs) designed 
to understand global climate m as much details as possible and to predict its pos- 
sible future. Currently, there are at least some 20 models used for climate predic- 
tion around the world, with the same acronym, they are now called Global Climatic 
Models. 

By the 1990s, scientists had started to raise red flags and blow all sorts of whistles 
and horns, trying to focus the attention of the public on the simple fact that increased 
CO2 and other GHG concentrations leads to global wanning, and that we are rapidly 
increasing the amount of C0 2 in the atmosphere by burning huge amounts of fossil 
fuels. It seems simple - but there is one important caveat. If this is indeed a problem, 
then the most obvious solution is that we need ro burn less fossil fuels; however, thus 
also means that we will need to consume less gasoline, drive less and, consequently, 
most likely deliver less profit to the oil corporations. We have already seen in Chapter 
7 how corporations and their lobbyists can rule the world. Apparently, this is exactly 
what is happening. The Bush Administration, which is notorious for its links with Big 
Oil. has diligently been doing its job of slandering climate change research and pre- 
venting any meaningful mitigation efforts. This might be compared with an ostrich 
sticking its head into the sand just to ignore the fact that there is imminent danger - 
except now we know that actually no ostrich would really do that. When ostriches 
feed, they sometimes do lay their heads flat on the ground to swallow sand and peb- 
bles, which helps them to grind the food that they eat; although from a distance it 
may indeed look as though the bird is burying its head in the sand, it is clearly smart 
enough not to do that when there is something dangerous coming up. What about 
rhe politicians? 

The official US stance for the past 6 years has been that scientific findings are 
"unconvincing," and "too uncertain" to call for any action. There was always some- 
thing missing from the models. That is not surprising. As we know, models are always 
designed to simplify, to explain. The climatic system is so complex that there will 
always be certain things that the models will not cover. Besides, as Manka Holland, 
of the National Center for Atmospheric Research, says, there are some processes that 
"are just not well understood, and because of that have not been incorporated into 
climate models" (http://www.cgd.ucar.edu/oce/mholland/). However, it does not mean 
that with those processes included the results will turn around. In fact, according to 
Dr Holland, the sea ice is melting faster than models have predicted. There are many 
reasons for the underestimates. For example, models do not fully capture heat trans- 
port between ocean and atmosphere, or faster warming as reflective ice gives way to 
darker, heat-absorbing waters. Actually, it has been consistently observed that model- 
ers tend to be conservative in their predictions, filtering out models that clearly over- 
estimate the changes seen so far, hut accepting the results where everything is too 
well-behaved and stable. 

For any modeler, it is obvious that there is something not included in the model, 
and that there is always uncertainty in the results. Does this mean that models are 
useless? Certainly not! If several models, especially built independently, point in the 
same direction, then that is a huge reason for concern. If these models are scrupu- 
lously tested by third parties, and if there is a scientific consensus that the models 
ate correct, then we had better start to act. However, that is where we find a gap 
between modeling and real life. It turns out that no matter how good a model is, 
whether it will be used for the betterment of humanity or not may be decided by 
forces that have nothing to do with science or modeling. 
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Twenty years of denial: a brief history of climate research 

June 23, r£?#f? James Hansen (NA&Aj lestffres to the Sf-ngie commiTtee abnul the green- 
house effect He says he is 9& percent sure itel *the greenhouse etecl has keen delected, 
E^d it la changing our ehmaie now 1 ." 

Companies and industry asaociatjons *e*iicseniirvj uBtrolejm, s:ee =-utos ano uidmes 
form lobbying groups wftfi fifties FiVa lha- Global Climate CoettKin (GCCl- and <he- Inlomiation 
Council o>n the Environment flCEl.Tne qm\ rs 10 , raooEttion gfebal warming as inaory tm*m 
than facC and :o sew doufr ebcvt climate research" ICE ads ask, 'IF the Earth is gating 
warmer, why is Minneapolis lor fonlijcfcy, or SOrr* othftr she| flatting cokdarP" 

The UniiGO" Nation "Earth Eun^mi!" is held in Rio ce Janeiro, with Climate change 
high ca- tha agenda. The ICE and? GCC lot*V hard Sgainst a global treaty to curb greenhc-.rfifc 
gages, a^d arc joined by tha George C. Marahall Inatuule. a cwiservgr.l^ thinklan*. jwfl: 
before Rio, it releases a study concluding lIt-9" |Yl0d*H l.he greenhouse eflect haw ! 'sub- 
Staniially ^aQflera^ed its Importance* The amall amoUrn o1 global warning is b*tausa the 
Sun is putting out mora energy. 

ijS Pnjs»tent George HW Bush is undackJad. The Head of his Envlronnwitel Projection 
Agency \E?A\, Willant Reilly. suptorts binding cuts m ^ehhouse amission. ftjlfticel arjvis- 
r*fs Insist On nalh* 1 ^ mora thgn voluntary cuts, "^fce R3o treaty rails for countries volu'rtttrily to 
stabilize the* greenhouse emissions by returning item 10 1 990 l#^5 ov 20QO. I Aa it turns out 
US fissions m 2900 ar* 1 J pa/cent higher than in 1999. J Abiding rranolatory cuts es p huge 
victory Ipr industry. 

The press does not tawG sides; il qualifies "evary mention of human influence on climate 
change with "son^s scientists believe", " In fsct, the vfisr majority o\ scientific opinion already 
accepts that human-caused GhlG emissions are contributing to warming. Talk racio hosi Rush 
Lirnhaugh selfe liBjeawra ""rrvore cafbon ctejxhrJe in if^e aTmospherfl' is no! Hkily to ji^nrfc^ntiy 
contribute -,o the greenhouse e*fec1 It's just all part oF ihe hoax.' In the Newsweek ftpli, 4J 
pe r eent aay the press "exaggerates the three* of climaie change " 

1396: William O rCaefe, '-/Ice President of tha American Fatra*eum tns-titutB and Leader of 
■he GCC, suggests ihat ihere uj too rn^ch 'ecwtlfic onceftemtv" io juitily fcurhs on O'c^n- 
hot*sa emisaions. The "Leipzig Defloration on Global Climate Change" ia feleased, where 
ovsr 100 sci*niists and wb*rs, including TV wearher™n. say ihey "csnnot subscribe :o me 
politically inspired ^raid.viavv that envisages dtmate catastropr^es'' Few of the "Leipzig sign- 
ers had sciwllv cari iec Out dimare «^nrcn 

Kyo-Io,. --apen, over 1QQ riatsons negoliaCa a tFeatv on making Rio'i voluntary tnd 
largely ipnoreol Qfeenho^se cvrbs nianc"awy.T?ie wgmed coal ano oil induslriea ramp up ineir 
mesaa-ge inat The^e s too mucr; soe-irific _- r iceri3<nty 1o |usli'v any such cul£ 

Tho lnw^flr>^uTiiTiBnlal F^oei on Climaie Change ilPCCt - ihe international body mat 
p^tfiOdicalfy asaesses climaje research - issues its second report Us 2,500 scientists cOn- 
elude that although both f^iurel Swings anri enfinges tn the Sun's output might be contnhul- 
.-■^ c;mate chanoe, "the fiance of evidence su^u-iiii i Jis::r;:iiii. ; l^ huirian milu<f^C0 on 
climala" 

U& P^esi^ni Clinton, while a atrong supponar GhG cuts, <toes not even try to gar the 
Senate to ra-tfy tha Kyoto »roa?y Tnc Kepubkcan Party has a nna|ority in both houses and s in 
dehlal. Republicans have also received aigniFicantty mw* campaign Cflsh from ;he er^rgy and 
orher intMmes that cisr>rtB clirnalt Sfrtncft- 

^inJ 1998 A dwen people from tfve Marshall insWuie. rTr*d Safe's gf.^ A^d 
iviftfl- ai tne American Fntr-olaun InstiMe'sWsshipgton headquarters. They propose a^5 million 



Cflmpflrgn to COHWKa tha puLdiL that thft KMIOr Ort £POf>a1 vt#>ii^ it ndtihlHJ rt/Ttlh fXrtro*u»jrf 

and uncertainly 

January th# Na>ign*l Ac#tj*itty pf Ww* ifmuunGfl oonirary tp It* cla*n 

Iha1 M^ellllcS lifldlng fiD WSiir am right and QTSimrJ TtBtOn* showing warming arte n^npg 

ic njrna oi/j ir*t irn? Hinlliits ire otf Thf panel it irHteea wafnwfl, and a: a raie. wrce 1380. 
much griarar thin «n ih* pan 

JrJGr liuufluralon 01 PHbMtm t*oorgort' Bush As acand>oala ha had r>edgBd to cap 
tdibtfi dfrida *miiiH>ifc Ha wit *ip*cr*d to. initiate mar pledge in hia sketch a1t*f ir-su- 
guration Tha line vvab. nivfr »irj 

Bunh dluwwt tin campaign plndgv. and n March writ-draws, ff&m t*># traarty, 
Tha IPCC riliiita in i^ird iMBiaman: of lh* studtfts. of elina:a cr.E7-.pa iu C dh-:iu 
.*ion the IBSQsj vvar* Yfty hhaly rha warms &; rtarac* on rerjprd, and recent rhmata L#**vjh 
< parriv "i^ritjirtKil* *q h^iman BCllvlHm" fhi aarly yeaas G ' tr ™ r* etv rrjienniuni art setting 
h«T r«0rdi In Ukf f urrvTHK or" a neinw^i m E-iroj>e tills wns ot -Ji<>u»ndt ot ptoplf 
Constant Frink Luna wocbi "t<w ni«d 10 conrmut ?& ma*:* tha tact of scientific certanfY *■ 
pwmfy ULirfl . vou shugvd r. hit- tonga ^he arimie by reciurting araa^s who *rrj svTOHthfltlC 
75 your -maw" 

JW? rh# 5*mra c**a 'or a nanoral LcraT<H> :c ojI greflrvtejuift flaiBd. ?ha Wfita HouW 
kM4li|n B Hflfl tfttttfrE* Ml ma 4 undtrtpwla *hn whole rhmq disappears without mud* 
rune* 

JtW J*™* InAdfta *rf l>U*frH ]pki» tar 44 Chawman □+ ^ fcrvironrr*n{ CommittM 

in ■ stwfrT r - * &r>w r fi< T6 ciairn or sc*rrur»c consa^aus on climate chang* D*aoitt 

tfv dfcO M ty Hun mUt daci *hc*w w*rmmg. tm &gp#* rtVB " s*tflii.iw, wk»tv cDfiiibir«d 
Tt* fhou *CCkjfila mnn of ^oba' iBmpeaturas. have confirmed' fra tbae^ica Ol AtmoA- 
pfrmnz *mn rm m L^/it ^Intv w r- vq. hfl " in gwtnt lm w pprp*rrjn»<? on 

<hf Anvcp PK^I» T " 4iWBf dera sauav g rjanK 1 undef *'1en 1&3.000 ^nm tha API 
16 fiNW 7£*55 Tha itvfl ^TDtoQol oom*£ *o*C» at«r rajrlttftn 
Thm ri cM*f j managamarri of **iat fadaral B»fits}i and dfloaH Art* ard aa> 
Fbffl* Obfl and Od app^tad k*» joOs. m^MWi^ oHmH* pcrfcy Qt^iam 

maki fura iMi avarv roporL and apfrecn cafit omaia sosaxe- as dod^ir uvm wtMOrt*- 
■aH, ind rt»f#faf* no bi^i *v i^ing do*oi An«^oit3t*i¥t3* B wlrg *ft**»a WNiiHtwa* 
Counci- on trMianmentaE Ouolrtr. «drt£ a expert « Clnrm KWXI hf adtKg "Udt 3* 
unrJW*undinQ H md r CfOrtarfa^a»vncfirtwrv" ^4x4pWl trta- teMT 

^007 Tha the- Connre^and S#nat* *1 G« tvftil^n ifl Mi tfanv. 

bara 00 dimilt dwg«. Inftaft tells 9H'*J ha w4l 14ibiiBt#- w dunata brfl Ttwl fWdMrt 
grBa-^hDuse culs 

Fdbfu&y 200 1 Tha IPCC r**aiet ila Aawsam^nr, ina *wtf DMl H n "S^rr 

liker^" Darca^Ttl Thai ^1 TJjtpnlnrj flmisaiDnrt 1fom hum*n BCtrpiliflB. r.iuaad ' mcai 
n' rha ohserwad inr^#ase in gfobanv a^-eragad temp* alu r « u^a l ha nud -Mfch carrtui-r 

In rha Nawavwfc Poll, 3S pcicom 1^ t?*ei* auivfl>wJ idatitir^ C«nn# ouriQa « rha- 
natiWJ Qrav«b51 aflviranrnental Ihraat - Ihr&e lirr*a 1l4 numbtr m 2000 t K«Ci0iJMc»bal H 
blamed tyy aenatorE ^Qf gwi^-g million ^ar I ha yoivra id- lh* CLl a+J flthiri who «• "p'c 
AKin^ vary qirtS[ionrjil?le data." on climsta change SaftHlOf Juv fl<islca*Bllir atyl cha company 
r^i to cut bac* its support J nr s jf* ^oupai 

Buifi announces ^hat he will corwans a fltofci^wwfning BJjinmic naat TOin«h. with a ?D0S 
goai ot curing gf^anhousa prni.'iiicXij 

Th* rNavavrta>, fb*l Imirs lass ihan half m la^r ol nt^uafirvg high-militat caii ana»^ 
#Wic*n» app&anoas and burtinqs While nurpnues in buroo* «nd Japan rtcognlza a pmad 
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emc-ng c-un&te axp&r-:. ihat greenho^EP gsws are *t1oflirg -dpnatq, the biHl^'kk 
f*e dumal mathirw =n USA remain* sirong. Afttoucjn 1** fQwt li (cm fltr ina»iei nH 39 
»rt^hf (down itarr. 64 per-na^i las: vearl say there fs fc a lot of diagmmM tfWtfi CftiW 
SGiennsrs" -on (ha r»!£G quMUGftfl. whether lhe ptener is wpmwig, 42 percent say the/* cs a 
lot of diwflntemanl rh&t human activities are a major wjjmf 0* gfttol -wtftiwiQ Oo*r *B pt» 
?ay g-eenhrjusrj cNuC 15 Using terr Today 

<.i will '.£j mis ■ihefe is sttti no agreement on Grffi: contfol USA. 

Tnli ICCOuni it Ltrg^ly bawd cm 1 NEfhvwaet eroc-te, "The ^ AbosJt DMf by Shvcn ctakw 
Ajjguat 13. 2007 lhRp.'/www tis^c -n*n r.pnW^nZZ9?5iM a^ ftii J f 'WM aaM». UkAifq k raster g 
cflmnrumi rwdk^ mil fltteto and »Ft«*a w tfitmk n a 3J *j_Li v ™^ p»cp* "I* » 

m:L(ipl Ihn litU* AbCul LlrnflLt rtlnflft. 
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(though unpopular) decisions quickly and has the means to enforce them, (For exam- 
pie, the one-child family planning regulation has managed to curb population growrh; 
another example is the recent decision of the Chinese Government to stop nil fur- 
ther conversion of agricultuial lands for hiofuei product ion. While the USA continues 
to subsidize biofuel, unable to overcome the lobbying power of agricultural corpora- 
tions, China has made some very swift and timely decisions in this regard,) Certainly, 
tins type ol decision-making may be efficient - decisions are made and implemented 
quick! v However, the downside is that, as mentioned above, we arc betting on one 
Wise King. Everything may work well as long as he is indeed wise - but if he goes 
crazy, we have lirtle power to replace him Also note that centralized decisions chat are 
unpopular are hard in implement, require much enforcement, and usually fail. 

Alternatively, we need to invest heavily in educating the public and in creat- 
ing means and methods for public participation in the decision-making process. 
Recognizing the need to reinforce the process with local knowledge and iterative 
participatory interactions in Order to derive politically feasible and scientifically 
sound solutions, governments and international organisations have embraced con- 
cepts of public involvement, and devolution of decision- ma king to lower and lower 
levels. For example, the Shared Vision Planning process that has been developed in 
the Army Corps over the past 30 years is a promising way to find understanding and 
acceptance among the various stakeholders that may be interested in the outcomes 
of a project and knowledge produced by models. The new web technologies and ser- 
vices provide new means of interaction and dissemination of data and knowledge 

As human domination over the environment grows and as the complexity of natu- 
ral systems is further elevated by the complex human socio-economic systems built on 
them, decision -making processes became mare const rained by feasible options and time 
horizons, while the consequences of wrong decisions become more dramatic and affect 
larger geographic areas- Under such circumstances, standard scientific activities are 
inadequate if we wish to continue on the democratic path of development. They must 
be reinforced with local knowledge and iterative participatory interactions in order to 
derive solutions which are well understood, politically feasible and scientifically sound. 
We need new ways to understand and embrace the inconvenient truths ol today. 



9.2 Participatory and adaptive modeling 

(This section was written in coiUihoranon with Erica Brown Caddh.) 

As argued by Oreskes eial. ( 1994), and as we discussed in Chapter 4, models do not 
tell us the "truth" about the system. They should be rather viewed as a process of 
striving towards the truth. The best model is a process in which we learn about the 
system and understand how best to manipulate and manage it. As we start adminis- 
tering this management, or as something starts to change in the environment, the 
system also changes and the model is no longer valid We can succeed only if ihii 
model k vowed as a process that is deigned to accommodate these changes and adapt 
to them A good model should evolve with the system, it should be able to change 
both quantitatively and qualitatively as the system changes and ys our understanding 
about the system improves. 

In recent years, there has been a shift from top-down prescriptive management 
of ecological resources towards policy-making and planning processes that require 
ongoing active engagement and collaboration between stakeholders, scientists and 



decision makers Participatory modeling (PM) is the process of incorporaring stoke 
holder (often including ihe public) and decision-makers into an otherwise purely ana- 
lytic modeling process to support decisions involving complex ecolog ic a i questions. It is 
recognized as an important means by which non -scientists ate engaged m the scientific 
process, and *S becoming an important part of environmental planning, restoration 
and management. Previously science was conducted outside of the policy -making 
process, allowing scientists to develop ecological models derived from analysis and 
observation of the natural world, thereby contributing an objective opinion to the 
policy-making process without accounting (or the values, knowledge or priorities of 
the human system that affects and is affected by ecological systems. The shift towards 
more open and integrated planning processes has required the adaptation of die scien- 
titic modeling process to incorporate community knowledge, perspective and values. 

Participatory modeling is particularly compatible with the rising focus on ecosys 
tern -based management, integrated water resources management and adaptive man- 
agement, all of which incorporate systems theory and aim to protect and improve 
ecological resources while considering economic and social concerns m the commu- 
nity These approaches have been adopted by, among others, the Water Framework 
Directive ol the European Commission, and supported by the National Research 
Council in the United Stares. The latter recommends that the processes of analysis 
and deliberation be integrated m such a way that systematic analysis is combined 
with community values critical to decision- making. PM provides a platform for inte- 
grating scientific knowledge with local knowledge and, when executed, provides an 
objective, value-neutral place for a diverse group of stakeholders to contribute infor- 
mation regarding an ecosystem of interest. Recognition that effective environmental 
management requires input from both scientific and social processes is key to devel- 
oping effective partnerships between scientists and stakeholders that live and work 
with in an ecosystem. 

PM (of which clones are also known as "mediated mode ling 11 , "companion mod- 
eling' 1 or "shared vision modeling'*) draws on the theory of post - norma I science, 
which dictates that in problems characteristic of highly complex systems, there is 
no one correct, value-neutml solution. Stakeholder participation in environmental 
research and management has been justified lor multiple reasons. PM supports demo- 
cratic principles, is educational, integrates social and natural processes, can le^iti - 
mt?e a local decision -making process, and can lead participants to be instrumental in 
pushing forward an agreed agenda. The extent to which the public or representative 
stakeholder group can effectively paitiapare in ecological research and management 
is determined by the methods employed in engagmp stakeholders, the inclusion of 
diverse groups, group size, incorporation of local know ledge and expertise, and the 
time available for the process to develop. The development of unique, practical and 
affordable solutions to ecological problems is often best accomplished by engaging 
stakeholders and decision-makers in the research process. 

The idea steals from the feeling that any modeler develops while working on the 
model. You may have experienced it yourself when working with some of the models 
earlier presented in this book. The feeling is that as you go through all the essential 
ateps of model building you get a really good understanding of all the processes and 
interactions involved and develop a certain intimacy with the system, learning what 
is more important and what can be approximated, getting a handle on the inputs 
and understanding how they may affect the outputs. You also learn to appreciate the 
uncertainties embedded m the system, and realize that even with these uncertainties 
there is certain level of confidence, or a comfort zone, that may he large enough to 
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make a decision. And that decision will probably be t_he best-mformed one for rhe 
current stale of knowledge. 

Tt seems as i hough you stare chinking that if only everyone could share your 
understanding of what is going on in the system, then it should not be a problem to 
communicate the results and make the right decisions. So that is exactly what you do 
when you open up the modeling process and invite everybody potentially interested 
in the system and the decisions to participate in thus collaborative group study, if it is 
recognized that during the modeling process the modeler gains much understanding 
about the system workings, about what is most essential and what controls the sys- 
tem behavior, then this rich and exciting experience that comes from the modeling 
process should be shared, and the whole decision-making process designed around 
the modeling process. The modeling process itself becomes the decision-making tool, 
and the decision-making becomes part of the modeling process. 

Models are used to formalize concepts of ecological and socio-economic proc- 
esses and, as such, explore existing dynamics and characteristics. Models can also be 
predictive or used to compare proposed management plans and explore their effects 
on other processes. Modeling tools are especially useful m communicating complex 
processes, spatial patterns and data in a visual format that is clear and compelling 
and. when appropriately applied, can empower stakeholders to move forward wich 
concerted efforts to address an environmental or socio-economic problem. Both 
monitoring and modeling are scientific tools that can support good decision- making 
in ecosystem-based management, and are often most powerful when used together. 
Monitoring data collected at varying scales can be used as inputs to models, to cali- 
brate and validaie the accuracy of a model, or to address specific research questions 
using statistical models. Development of ecological models often indicates the types 
of information that are important in understanding dynamics but for which no data 
are available. Whereas selective monitoring can give a good description of patterns 
and linkages within a system, it may he more difficult and expensive to determine the 
driving forces of these patterns. Simulation models help to determine the mechanisms 
and underlying driving forces of patterns otherwise described statistically. In many 
cases, the monitoring efforts that go along with modeling can serve as a good vehicle 
to engage the local stakeholders in the process. When stakeholders see how samples 
are taken or, ideally, take part in some of the monitoring programs, they bond with 
the researchers and become bettet partners in the future decision support efforts. 

The modeling of physical, biological and socio-economic dynamics in a system 
tequites attention to both temporal dynamics and spatial relationships. There are many 
modeling tools that focus on one or the other. To be useful in a participatoty frame- 
work, models need to be ttanspatent and flexible enough to change in response to the 
needs of the group. Simulation (process) models may be formalized in software such as 
Stella, Simile or Madonna, which we have considered in this book. These and othet 
softwate packages have user-friendly Graphic User Interfaces (GUI) which make them 
especially helpful when models are demonstrated to stakeholders or when they are for- 
mulated in their presence and with their input. In this context, complex simulation 
models or programming directly in C+ + or other languages may be less effective, no 
matter how powerful the resulting models are. In some cases, tools as generic and sim- 
ple as Excel turn out to be even more useful in engaging the stakeholders in a mean- 
ingful collaborative work than the far more powerful and accurate complex models. 

To make these state-of-the-art complex models useful for the decision-making 
process, additional efforts are essential to build interfaces of wrappers that will allow 
them to be presented to the stakeholders, or embedded into othet models (modu- 
larity). In general, process models may be very helpful to explain and understand 
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che systems ro be analyzed; however, [hey are not practical for exploring che role of 
the spatial structure of an ecosystem- Altei 'natively, Geographic Information Systems 
(CIS) explicitly model the spatial connectivity and landscape patterns present in a 
watershed, hut are weak in their ability to simulate a system's behavior over time. 
Ecosystem- based management demands the coupling of these approaches such that 
spatial relationships linkages and temporal dynamics can be captured simultaneously. 
There are many specific models developed to analyze the spatio-temporal dynamics 
of specific systems 01 processes. So far, there are not many generic cools that combine 
temporal and spatial modeling. One is che Spatial Modeling Environment (SMEJ, 
which we have seen above. Simile, ton, offers some powerful linkages to spatial data 
and processing. There are also modules programmed as components of GISs, say 
using the scripting language or Avenue in ArclNFO. 

Agennbased models provide yet another modeling technique thai is useful in 
participatory workshops. They offer some powerful techniques to engage che stake- 
holders in a dialogue, with some role- playing games leading to more clearly defined 
rules of behavior for agents. Again, for the participatory context a GUI is essencial. 
KetLogo or ScnrLo£o are two modeling frameworks that offer very user-friendly inter- 
faces and hyve n relatively simple learning curvi:. Net Logo also has a module called 
HuhNetUee, for example, http //cel. norths escern.edu/netlogo/models/CompHuhNet- 
TragedyoftheCoinmonsHubNet), which allows several people to work on the model 
while sitting behind different computers at different places This can be an excellent 
environment to work on participatory modeling projects. 

Forms of participation 

Stakeholder partrapantS engage in the decision-making process in the form nf mot lei 
selection and development, data collection and integration, scenario development, 
interpretation of results, and development of policy alternatives. It is generally rec- 
ognised th?t engaging participants m as many of these phases as possible and as early 
as possible, beginning with setting the gonls fur the project, drastically improves the 
value of the resulting model in terms of its usefulness to dec is ion - makers, its educa- 
tional poteni ia] for the public, and us credibility within the community. 

Model selection and development 

Selecting the correct modeling tool is one of the most important phases of a PM 
exercise, and should be determined based on che goals of the participants, the availa- 
bility of data, the project deadlines and funding limitations, i at her than bemj: deter- 
mined by scientists 1 preferred modeling platform and methodology 

In terms of model development, stakeholders are very helpful in identifying 
whether there are processes or ecological phenomena thai have been neglected in the 
modeling process. Stakeholders can also be called upon to verify basic assumptions 
about the dynamics, history and patterns of the ecosystem. In addition, community 
stakeholders can frequently validate assumptions about tvpical human behavior in the 
system. This often anecdotal evidence may be the only source of model assumptions 
about human behavior in a system. When combined with technical knowledge of eco- 
logical processes, such evidence may b* key co identifying new and more appropriate 
management solution*.. The PM approach is based on the assumption that those who 
live and work in a system may be well informed about it,s processes and perhaps have 
observed phenomena that would not be captured by scientists. This two-way flow of 
information is a key characteristic of successful PM. 
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Data collection and availability 

Stakeholders often play a key role in research activities by contributing existing data 
to a research process or by actively participating in the collection of new data. Some 
stakeholders, particularly from governmental agencies, may have access to data that 
are otherwise unavailable due to privacy restrictions or confidentiality agreements. 
These data can often be provided to researchers if aggregated to protect privacy con- 
cerns, or if permission is granted from piivare citizens. In addition, some stakeholders 
are aware of data sources rhar are more specific lo a particular ecosystem or locale, 
such as climatic data and biological surveys. 

Stakeholders can also engage in ecological sampling and monitoring. This can 
be a particularly effective entry point to a community that is ready to "act" on a per- 
ceived problem and is not satisfied with more meetings and discussions of a prob- 
lem. Monitoring by citizen stakeholders, in particular, provides other benefits to the 
research process. In many cases, they live close to monitoring sites or have access 10 
private property such that more frequent and/or more complete monitoring can take 
place at significantly less cost than one individual researcher could complete independ- 
ently. Citizens also gain benefits by becoming more familiar with their ecosysiem - an 
educational oppotiumty that may be shared with other community members. 

Scenario development 

Stakeholders are best placed ro pose solution scenarios to a problem. Many of rhem 
have decision-making power and/or influence in the community, and understand the 
relative feasibility and cost-effectiveness of proposed solutions. In addition, engaging 
local decision- makers in the scenario-modeling stage of the research process can lead 
to development of more innovative solutions. 

Interpreting results and developing policy alternatives 

A primary goal of a PM exercise is to resolve the difference between perceived and 
actual sources of an ecological problem. Whereas stakeholders might have proposed 
scenarios based on their perception of the problem or system, they may be particularly 
adept at proposing new policy alternatives following initial model results from a sce- 
nario-modeling exercise. The PM process can further facilitate development of new 
policies through development of a collaborative netwotk between stakeholders and 
their respective agencies or constituents throughout the research process. Stakeholders 
ate imporrant communication agenrs to deliver the findings and the decision alterna- 
tives to the decision-makers in the federal, state or local governments. They are the 
more likely ro be listened to than the scientists, who may be perceived as foreign to 
the problem or the locality. Governments certainly have a better ear for the electorate. 



Criteria for Successful Participatory Modeling 

PM is a relatively new activity, and as such the field is just beginning to define itself 
and the criteria that qualify a project as a good or successful PM exercise. Below are 
some of the key criteria rhat may be useful. 

1. Refyre tentative involvement, openness. Regardless of the method used to solicit stake- 
holder lnvoh'-ement, every attempt should be made to involve a diverse group of 
stakeholders that represent a variety of interests regarding the question at hand. 
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While key stakeholders should be carefully identified and invited to the process, 
there should be also an open invitation to all interested parties to join. This will 
add to the public acceptance of and respect for the results of the analysis If a 
process is perceived to be exclusive, key members of the stakeholder and decision- 
making community may reject model results* 

2« Scientific credibility. Although PM incorporates values, the scientific components 
of the model must adhere to standard scientific practice and objectivity- This 
criterion is essential in order for the model to maintain credibilicy amdrtg deci- 
sion 'makers, scientists, stakeholders and the public Thus* while participants may 
determine the questions that the model should answer and may supply key model 
parameters, the structure of the model must be scientifically sound. It docs not 
mean drat the model should be alt encompassing and complex; to the contra rv, 
it should be as simple as possible. It is crucial, however, to be ex ere me ly clear and 
hones t about all the assumptions and simplifications made 

3, Objecuuiy. Facilitators of a PM project muse be trusted by the stakeholder com- 
munity as being objective and impartial, and therefore should not themselves be 
direct stakeholders. In this regard, facilitation by university researchers or outside 
consultants often reduces the incorporation of stakeholder biases into the scien- 
tific components of the model On the other hand, it is essential that stakeholders 
Crust the facilitators and scientists, and a certain track record in the local area and 
perhaps even recognition of researchers by the local stakeholders, based on passed 
research or involvement, can he helpful. 

4- Transparency* Key to effective stakeholder engagement in PM is a process that is 
transparent. Transparency is not only critical to gai ning trust among Stakeholders 
and establishing model credibility with decision-makers, but also key to the edu- 
cational eomIs pften associated with PM. 

5- [Jndersumding uncertainty. Many ecological and socio-economic questions require 
analysis of complex systems. As problem complexity increases, model results 
become less certain, Understanding scientific uncertainty is critical ly linked to 
the expectations of real-world results associated with decisions made as a result of 
the modeling process. This issue is best communicated through direct participa- 
tion in the modeling process itself. 

6. Flexibility. The modeling process should he flexible and adjustable to accommodate 
the new knowledge and understanding that comes from the stakeholder work- 
shops. Stakeholders might come up with ideas and factors that modelers had not 
anticipated, but modelers should be ready to incorporate these into the model 

7* Model aikxptabiiiiy. The model developed should he relatively easy to use and 
upd;ite after the researchers have moved on. This requires excellent documen- 
tation and a good user interface, ff nou -scientists cannot understand or use the 
model, it will not tie applied by local decision -makers to solve real problems. 

8. Incorporation of stakeholder knmvledge. Key to success with ;sny participatory 
approach is that the community participating in the research be consulted from 
the initiation of the project, and help to set the goals for the project and the spe- 
cific issues to be studied. 

9, Influence on decision -making. Results from the mode tiny exercise should have m 
effect, through some mechanism, on decisions made about the system under study. 

Is there anything special about models that would be most appropriate for PM? 
Indeed, there are certain features that would make a model better suited for use with 
stakeholders. 
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Choosing a tool 

The problem of choosing an appropriate tool is difficult, because learning each one 
requires some time and effort, which can be quite considerable. Therefore, it is often 
the case that once modelers have mastered a particular modeling language or system, 
they arc inclined to use the same acquired skills next time they need to analyze a dif- 
ferent system - even when this other system is quite unlike the first one, and even 
when the modeling goals are different. As Bernard Baruch (or, according to alterna- 
tive sources, Abraham Maslow) is supposed to have said, "If all you have is a hammer, 
everything looks like a nail." Anyway, it is quite natural for people to try to do what 
they already know how to do. As a result, modelers who are equally proficient in a 
variety of modeling techniques are quite rare, and good comparisons of modeling tools 
are also hard to find. 

In choosing a tool, the following should be considered: 

1. hclusiveness. PM cannot rely on several particular models. The modeling engine 
supporting PM should be able to incorporate a variety of models, presented as 
modules. These modules should be interchangeable to serve particular needs of a 
project, and to present state-of-the-art modeling and data analysis. The modeling 
interlace serving these needs should operate as a middleware product, or coupler, 
that can take various modules and make them work in concert. Modules in this 
context present both software objects for simulation and data objects. The chal- 
lenge is to make these modules talk to each other and perform across a variety of 
temporal and spatial scales and resolutions. 

2. Modularity. In the modular approach, we do not intend to design a unique general 
model. Instead, the goal is to offer a framework that can be easily extended and 
is flexible regarding modification. A module that performs best in one case may 
not be adequate in another. The goals and scale of a particular study may require 
a completely different set of modules that will be invoked and further translated 
into a working model. There is a certain disparity between the software develop- 
er's and the researchers views upon models and modules. For a software developer, 
a module is an entity, a black box, which should be as independent as possible, 
and as easy as possible to combine with other modules. This is especially true for 
the federation approach to modular modeling, and is well demonstrated by web- 
based modeling systems. The utility of such applications may be marginal from 
the research viewpoint. 

For a researcher, a model is predominantly a tool for understanding the system. 
By plugging together a number of black boxes, for which specifics and behavior 
is obscure and hardly understood, we do not significantly increase our knowledge 
about the system. The results generated are difficult to interpret when there is not 
enough understanding of the piocesses that are actually modeled. The decomposi- 
tion of such systems requires careful analysis of spatial and temporal scales of proc- 
esses considered, and is very closely related to specific goals of the model built. 

In this context, the modular approach can be useful if the focus is shifted from 
reusability and "plug-and-play" to transparency, analysis and hierarchical descrip- 
tion of various processes and system components. With the modules being transpar- 
ent and open for experiment and analysis, the researcher can better understand the 
specifics of the model formalism that is inherited. It is then easier to decide whether 
a module is suitable, or whether it should be modified and tuned to the specific goals 
of a particular study. 
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3, Transparency, In PM, the models are used to explain rather than to predict. It \s 
important Therefore to be able to dive into the model structure and be clear about 
the processes that are included and the assumptions made. This immediately adds 
value to simpler models and modeling tools. In .some cases, the benefits i>f jpiirv 
ing stakeholder "buy- in" into the model and process by working together on sim- 
ple models that rhey understand outweigh the lack of detail and lower accuracy 
Hint wc set from such models in comparison vnith the more sophisticated hut less 
comprehensible models. A simple model that can be well cornuuiniciued and 
explained may he more useful than a complex model chat may he raking more 
features into account hut with narrow applicability, high cosrs of model and dam, 
w%\ much uncertainty. 

Ir is also imporrant ro make sure that we clearly draw the boundaries of the sys- 
tem that is researched and modeled, and realize that we are not supposed to be 
modeling the whole world in all tts complexities For example, if a study is con- 
cerned wirh scenarios driven by global warming, Lt should not be our goal to repro- 
duce, understand and defend the extremely complex Global Circulation Models 
that are used to generate future climates. We will he much better off clearly describ- 
ing the outpur. from those models, with the associated range of predicted change, as 
a forcing function that is nut of the scope of our analysis and should he used as a 
given for our purposes. Otherwise, we are at risk of getting ourselves involved in 
the highly contentious debate about the "truths" of climate change instead of ana- 
lydng the risks and outcomes that we face within our system. 

4- Visualization, Models should be impressive on the output side; rhey must present 
results in appealing and easy-to -understand form. Interfaces must allow multi- 
ple levels uf complexity and interactivity ro serve different srake holder groups. 

5, Affindahiliiy. The models used in the PM process should be affordable for the 
stakeholders in different levels of governance. This means that either the mod- 
eling tools should he made available over the web and uin on the server .side, so 
that user* will not need to purchase expensive licenses, or the mode I & themselves 
should be freeware or shareware. 

6* Flexibility. extmdtbiUt% When something is missing in models, there should be a 
way to add it To rhe existing structure rather than rehmldmg the whole model 
agam from scratch simply because one element is missing. TTu* esi^cmlly crucial 
in the PM process when models should be developed quickly in response ro the 
concerns and new i n forma rion coming from the stakeholders. 



It is really important to be inventive on the visualization side. For examp!e, one very popular way 
to present the level of a certain <moact is to use a color cede ranging from green [safe and good; 
to yellow (moderate but bearable! and then to red {bad. unsafe and unhealthy). This coior code is 
wide'y adopted m some of the EPA reports and web pages (see, for example, http://w\,vw epa 
gov/reg3artd/3irqua[ity/airquality htm) 

Chris Jordan, a graphic designer and photographic artist, uses an ingenious way to show the 
scale rji various process and stocks. He starts to picture simply certain items (say, plastic bottles 
or aluminum cans) and then zooms out, getting more and more items into the picture. Showing, 
say, 2 5 million plastic bottles, which is how many are used in the US every hour, creaT.es 3 pow- 
erful message Or the 11,000 iet trails, equal to the number of commercial flights in the US every 
8 hours, or the 2 3 million folded prison uniforms, equal to the number of Americans incarcer- 
ated in 2005. See http // www.chirsjordan.com/current_set2.php., or check out the PBS website at 
http 7/ www, pbs.org/moyers/jOurnal/09212007/profile4 html. 
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Some of these consideracions clearly point us in the direction of open-source 
(OS) development. The OS paradigm delivers ultimate transparency and flexibility 
in the products developed. These products are also free for che user. It only makes 
sense that taxpayers' money be spent on product* that will be available for the tax- 
payers, stakeholders, at no additional cost. Federal agencies should promote and sup- 
port open-source software for a variety of reasons, such as transparency, extend ibihty, 
security, low cost, etc. 

There are numerous implementations of the method that vary in their level of 
success and achievement. Let us mention a few. 



Solomons Harbor Watershed, Maryland 

Excessive nutrient loads to the Chesapeake Bay from surrounding cities and rural 
counties has led to eutrophication, especially in small harbors and inlets. The 
Maryland Tributary Strategies, Chesapeake Bay 2000 Agreement and Calvert County 
Comprehensive Plan call tor reductions in nutrients entering the Bay in order to 
reduce impacts on aquatic natural resources. Though the goal set for phosphorus 
appears to be achievable, reductions m nitrogen lag well behind the target. Most 
sewage in rural residential areas of Maryland, such as Calvert County, is treated by 
on-site sewage disposal systems (septic systems). Almost all of the nitrogen pollution 
that enters local waters from Calvert County comes from non-point sources, of which 
the Maryland Department of Planning estimates 25 percent comes from septic sys- 
tems. In this project we initiated a PM effort to focus on the most densely populated 
watershed in Calvert County that drains to Solomons Harbor. Despite high popula- 
tion densities, only a small portion of the watershed is serviced by sewer. There are no 
major point sources of nitrogen in the watershed. 

Two different modeling tools were used to analyze and visualize the fare of nitro- 
gen from three anthropogenic sources: septic tanks, atmospheric deposition, and ferti- 
lizer. The first is a simple dynamic model of a septic tank and leach-field system using 
Stella rM software, which allows the user to evaluate alternative septic technologies. 
The second modeling tool is the spatially explicit Landscape Modeling Framework 
(LMF), developed by the Gund Institute for Ecological Economics and discussed in 
Chapter 6. 

Participation in the study was solicited from community stakeholders who 
were instrumental in understanding how models could be applied to local decision- 
making, in making appropriate model assumptions and m developing politically 
feasible scenarios. The model results found that septic tanks may be a less significant 
contributor to surface water nitrogen pollution m the short term, whereas fertilizer used 
at the home scale is a more significant source than previously thought. Stakeholders 
used the model results to develop recommendations for the Calvert County Board of 
Commissioners. Recommendations include mandating nitrogen removal septic tanks 
for some homes, but primarily focus on intensive citizen education about fertilizer 
usage, local regulation of fertilizer sales, reduction m automobile traffic, and coopera- 
tion with regional regulatory agencies working to reduce regional NOx emissions. 

St Albans Bay Watershed, Vermont 

Lake Champlam has received excess nutrient runoff for the past 50 years due to 
changes in agricultural practices and rapid development of open space for residential 
use. The effect of excess nutrients has been most dramatically witnessed in bays such 
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as Sr Albans Bay t which exhibits eutrophii: algal blooms every August, The watershed 
feeding St Albans Bay is dominated by agriculture Ut the $£itm time that the urban 
area is growing. In the 1980s, urban peine sources of pollution were reduced by upgrad- 
ing i he St AJ harts sewage treatment plant. At the same time, agricultural non-point 
sources were addressed [hrough the implementation of ll Bcsr Management Practices" 
(BMPs) on 60 percent of the forms in the watershed, at a cost of" $2. 2 milium (USDA, 
1 99 1 ) Despite the considerable amount of money and attention paid to phosphorus 
loading in St A I ban Bay, it re maim a problem today. The focus has remained prima- 
rily on agricultural I and uses in the watershed, and as a result has caused cunsiderable 
tension between farmers, city dwellers, and landowners with lake front property 

Reeently, the Lake Cham pi a in TMDL allocated a phosphorus load to the St 
Albans Bay watershed that would require a 33 percent reduction at total phosphorus 
ro rhe bay. We initialed a PM effoit to apportion rhe total load of phosphorus from 
all sources, including diffuse transport pathways, and identify the most cost effective 
interventions to achieve target reductions 

A group of stakeholders invited ro participate in the 2 year research process 
arid members were engaged m the research at multiple levels, including water qual- 
ity monitoring, soil phosphorus sampling, model development, scenario analysis, rind 
future policy development. Statistical, mass -ha lance and dynamic landscape simula- 
tion models were used to assess the state of rhe watershed and the long-term accu- 
mulation of phosphorus m it. and to describe the distribution of the average annual 
phosphorus load to streams m terms of space, time and transport process. Watershed 
interventions, matched to the most significant phosphorus sources and transport 
processes, were developed with stakeholders and evaluated using the framework, 

Modehng results surest that the St Albans Bay watershed hns a lonjMenn 
net accumulation of phosphorus, most of which accumulates ai Agricultural soils. 
Dissolved phosphorus in suffice runoff from the agricultural landscape, driven by 
high soil phosphor;^ i .uwuitru'iuns. ^"counts for 41 percent . A the tonl loud te 
watershed streams Direct discharge from farmsteads and scormwarer loads, primarily 
from road sand wash off, were also found to he significant sources. 

The PM approach employed in this study led to identification of different solu- 
tions than stakeholders had previously assumed would be required to reduce the 
phosphorus load to receiving waters The approach led to greater community accept- 
ance and utility of model results, as evidenced by local decision- makers now moving 
forward to implement the solutions identified to be most cost-effective 

Redesigning the American Neighborhood, 
South Burlington, Vermont 

Urban sprawl and its associated often poorly-treated stormwatei have a big impact 
on water quality and quantity in Vermont. Converting agricultural and forested 
land to residential and commercial use has significantly changed the capacity of the 
watersheds to retain water and assimilate nutrients and other materials. Currently, as 
some studies surest, storm discharges may be 2 DO to 400 times greater than histori- 
cal levels (Apfelhaum, 1995). 

As mentioned m Chapter 6, Redesigning the American Neighborhood (RAN) 
is a project conducted by the University of Vermont to find cost effective solutions to 
the existing residential stormwater problems at the scale of small, high density lesi- 
denhal neighborhoods (http://www.uvm.edu/~ran/ran). The project is focusing on h 
case study of the Butler Farms/Oak Creek Village communities m South Burlineron, 
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VT r to address rhc issue of targeting and priori cuing best management practices 
(BMPs)- The idea was to engage local homeowners in a participatory study that: would 
show them how they contribute to the stormwater problem and introduce them to 
existing alternative methods of stoimwater mitigation through low-impact disrribured 
structural and non -structural techniques. 

The project started slowly, with only a few homeowners willing to pa trie spate in 
the process. However, soon the neighborhood learned that then homes were subject 
to long-expired State stormwater discharge permits, and that then* neighborhood's 
storniwmer system did nut meet stringent new standards. As is often the case, prob- 
lems with home sales, frustration with localized flooding, and confusion about the 
relationship between the City's stormwater unhty and the State permit impasse led 
to frustration and even outright anger on the part of residents. The tension increased 
alter the homeowners realized that m order for the City to take over the existing 
detention ponds and other stormwater structures, [hey had to be upgraded to cur- 
rently active 2002 standards Since then, the interest and involvement of residents 
in Stormwater Study Group has been heightened, hut stakeholder meetings have 
become forums for conflict between homeowners and local municipalities. 

The modeling component was mostly based on spatial analyse using the ESRI 
ArcGIS 9.2 capabilities for hydro log lc modeling As high -resolution LJDAR data 
became available, it became possible to generate clear Visualization and substan- 
tia! understanding about the movement of water through the neighborhoods, and 
to develop new approaches to resolve the stormwater management conundrum* The 
Micro Stormwater Network has helped to visualize rain flowpaths at a scale where 
residents have been able to make the connection with processes in their backyard. 
The Micro Stormwater Drainage Density (MSDD) index was instrumental in opti- 
mizing the locat ion of BMPs of small and mid-scale management practices, and had 
an important educational and trust -building value. 

Ar present, the homeowners seem to prefer decentralized medium and small- 
scale interventions (such as rain gardens) to centralized alternatives such as large 
detention ponds 

Cutler Reservoir TMDL process, Utah 

Cutler Reservoir* in the Cache Valley of Northern Utah, has impounded the Bear, 
Logan and Little Bear Riveis since 1927. Cutler Dam is operated by PacifiCorp-Utah 
Powci and Light to provide water for agricultural use and power genera t ion. Curler 
Reservou supports recreational uses and a warm water fishery while providing a habi- 
tat for waterfowl and a water supply for agricultural uses. Cutler Reservoir has been 
identified as water-quality limited due to low dissolved oxygen and excess phosphorus 
loading. The Utah Division of Water Quality initiated the process of developing a 
Total Maximum Daily Load {TMDL) for the Cutler Reservoir in 2004 , with the goal 
of restoring and maintaining water quality to a level that protects the beneficial uses 
described above. 

Participation from local stakeholders is encouraged throughout the TMDL proc- 
ess, and has been formalized in the development of the Bear River/Cutler Reservoir 
Advisory Committee, which has representation from all the major sectors and inter- 
ests of the local l; immunity. The advisory committee has been meeting monthly 
since August 2005, and has informed the TMDL process by contributing data and 
knowledge of physical and social processes in tht- watershed, and identifying solu- 
tions to help reduce pollution sources, 
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Watershed-loading models and a reservoir- response model (Bathtub) are in pre- 
liminary development stages at the rime of writing, and will benefit from feedback 
from the advisory committee. It is expected that committee members will continue 
to provide feedback to the TMDL process while woiking with their respective con- 
stituents to piovide direction to UDEQ in developing and implementing a watershed 
management plan, They will also be helpful in identifying funding needs and sources 
of support for specific projects that may he implemented. 

James River Shared Vision Planning, Virginia 

The James River in Virginia will potentially face significant water supply develop- 
ment pressures over the next several years due to growing population and develop- 
ment pressure. The Corps' Norfolk District has already received one application for 
a Clean Water Acc Section 404 permit for Cobb Creek Reservoir, and initial incjuir- 
les by the Virginia Department of Environmental Quality indicate the potential for 
mote applications in the near future. USEPA Region 111 has formally requested that 
Notfolk District prepare a basin- wide assessment that considers all the proposed 
water supply projects on the James River and make permitting decisions based on a 
cumulative impacts analysis. 

These factors point to the need for a comprehensive planning process, involv- 
ing all the key agencies and stakeholders, in order to identify broadly acceptable 
and sustainable solutions for water management within the basin. Due to historic 
water conflicts in the state, the Shared Vision Planning (SVP) process (http://www. 
sharedvisionplanning.us) has been proposed as the method for conducting this com- 
prehensive process. The Army Corps of Engineers has pioneered participatory deci- 
sion-making since the 1970s (Wagner and Ortolando, 1975, 1976). The Shared Vision 
Planning process is a PM approach in which stakeholders are involved in creating a 
model of the system that can be used to run scenarios and find optimal solutions to a 
problem Shared Vision Planning relies on a structured planning process firmly rooted 
in the federal Principles and Guidelines, and in the circles of influence approach to 
structuring participation (Palmet ecal, 2007). 

The James River Study (JRS) began with a general workshop in the winter of 
2006, entitled "Finding and Creating Common Ground in Water Management." The 
purpose of this open meeting was to start a continuing dialogue among the various 
stakeholders involved, including those with divergent interests. A major objective of 
the workshop was to describe and introduce the use of collaborative modeling to facili- 
tate learning and decision-making across various governmental and nongovernmental 
groups. While there was good participation in the workshop, the process stalled when 
working groups were to be formed. Only a few stakeholders signed up to continue with 
the PM effort, and during the following monrhs the process almost stopped. It took 
some time to realize that m fact the project got stuck amidst some major controversy 
between two key stakeholders. In addition, there was some internal opposition to the 
project within the Army Corps. Under these conditions, not surprisingly, stakehold- 
ers who knew about these conflicts were skeptical about the project and reluctant to 
participate. As of today, a consensus seems to be emerging between the stakeholders 
regarding the goals of the project, and a fresh start is planned in the near future. 

To a certain, extent, these and other PM projects tend to follow the flow chart for 
a generic PM process presented m Figure 9. 1 . Note that there may be a lot of vari- 
ations of and deviations Irom this rather idealized sequence. When dealing with 
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(2?^^^EKB A flow chart for a generic PM process. 
Note that each particular project will most likely develop in its own way, driven by the stakeholders involved. 
That is perfectly fine; however, it is good to keep some of the keystones in mind. 



Figure 9.1 




people, we have co be ready for surprises and need to adapt the whole process- co spe- 
cific needs of particular projects and stakeholder groups. However, this diagram may 
be something to keep in mmd when planning a PM process 

Some lessons learned, or a guide to success 
T. identify a clear problem and lead stakeholders 

Although most watershed management deacons benefit horn stakeholder input and 
involvement, some issues might not raise [he interest of a wide group of stakeholders. 
If the problem is not understood or considered to be important by stakeholders, then 
it will he very difficult to sohcit involvement in a participatory exercise For exam- 
ple, the Virginia project had a very difficult startup because there was clear disagree- 
ment between stakeholders regarding the importance of the study. While it was quite 
clear to all that there would he growing problems with water supply in the area, the 
situation did not look bad enough to get local people really involved, while agencies 
had their own agendas rind were not exactly clear on the purposes of the study. 

Education of the community about water resource issues and the impact of decisions 
on the community is often a good first step. This can often he accompli shed through the 
media, town hall meetings, or volunteer and community-oriented programs. 

In some cases t it is helpful when there is a strong governmental lead in [he proc- 
ess. The Calvert group sprouted from an open meeting where all citizen* residing 
in the watershed were invited to comment on proposed regulation of septic systems 
by the County Planning and Zoning commission The possibility of new regula- 
tion caught the attention of the public, and inierested parties were willing to par- 
ticipate in the study- In other cases, interest from some stakeholders may only arise 
after a policy change that directly impacts them. The RAN project started with sev- 
eral stakeholder workshops, where homeowners were addressed about the Looming 
problems associated with untreated storm water. The reception was lukewarm, with 
very taw attendance. Things changed quite dramatically when the city of South 
Burlington approved legislation that created a storm water utility, which would take 
over storm water treatment horn the homeowners, but only after they b rough r their 
runoff up to certain standards. It turned out that their titles were no longer valid, 
since all their permits related to storm water had expired a while ago. The interest 
in rhe RAN project immediately jumped, bur even then for some homeowners the 
involvement of university researchers was seen as an imped i ment. 

Never underestimate the "luck factor." Working with people, it takes just one or 
two stakeholders who choose to take an obstructionist position to damage the proc- 
ess. Similarly, one stakeholder that "gets it" and is interested and actively participate 
Ing can significantly enhance the efTort. 

2. Engage stakeholders as early and often as possible 

Establishment ol a community- based monitoring effort can be a particularly effec- 
tive entry point to a community thai is ready to "act" on a perceived problem and 15 
not satisfied with more meetings and discussion. Monitoring by citizens, in particu- 
lar, provides other benefits to the research process Jn many cases , they live close to 
monitoring sites or have access to private property such that more frequent and/or 
more complete monitoring can take place at significantly less cost than one individ- 
ual researcher could complete independently. Citizens also gain benefits by becoming 
more familiar with their watershed - an educational opportunity that may lie shared 
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with tic her community member*. When stakeholders see how samples are taken or, 
ideally, take p^irt in some of the in on miring programs, they bond with the research- 
ers and become better partners, in future research and Uec is ion-support efforts 

In the St Albans Bay watershed, there was a lack of recent data regarding the 
general state trf the watershed, tnckKJirtg warer v]ual ity. discharge, and soil phosphn^ 
rus concentrations. At the same time, there was a highly motivated group of ciciiens 
organ tied through the St Albans Area Watershed Association eager to begin "doing** 
something in the watershed immediately In partnership with this group and the 
Vermont Agency of Natural Resources, a citizens 1 volunteer monitoring program was 
established with 25 monitoring sites around the St Albans bay watershed. Most of 
the 500+ water -quality samples and stage- height data were collected by a group of 
15 volunteers drawn from the community over 2 years- The resulting data would not 
have been available otherwise, and the process engaged a group of local citizens in the 
research process This early engagement proved valuable during the latter stages of 
the project, when a stakeholder group was assembled for the PM exercise The part- 
nership that grew from the monitoring effort also built trust between the researchers 
and watershed activists working in the community. 

A key to success with any participatory approach is that the community par- 
ticipating in the reseaich be consulted from the initiation of the project and help 
co -set the goals tor the project and specific issues to be studied (Beirclc and Cayford, 
2002), Stakeholder participants engage in the decision-making process in the form 
of mode! selection and development, data collection and integration, scenario devel- 
opment, interpretation of results, and development of policy alternatives. It gen- 
erally recogmzed that engaging participants in as many of these phases as possible 
and as early as possible, beginning with setting the goats tor the project, drastically 
improves the value of the resulting model in terms of its usefulness ro decision- 
makers, its educational potential for rKu public, and its credibility within the com- 
munity (Korfmacher, 2001 ). 

3. Create an appropriately representative working group 

PanicLpatory modeling may be initiated by local decision -makers, governmental bod- 
ies, citizen activists or scientific researchers, In the United States, most PM activities 
are initialed by governmental bodies (Duram and Brown, 1999). Depending upon 
the type of participation and the goals and l ime restrictions of the project, stakehold- 
ers may be enlisted to participate in a variety of ways. In some projects stakeholders 
are sought out for their known "stake" in a problem or decision, and are invited to 
join a working group. In other cases, involvement in the working group may be open 
to any mem her of the public. 

Repaid less of the method used to solicit stakeholder involvement, every nttemj.1t 
should be made to involve a diverse group of stakeholders that represent a variety 
of interests regarding the question at hand. When less we lb organized stakeholder 
groups do not actively participate, watershed managers can obtain information about 
their opinions through other means such as public meetings, education, or surveys 
(Korfmacher, 2001). 

In this sense, the St Albans Bay watershed modeling process may have failed 
somewhat in that the stakeholder gmup formed rather organically from those that 
currently work on issues or are directLv affected by watershed management, including 
local, stale and federal natural resources, planning and agricultural agencies, as well as 
farmers and watershed activists, A deliberate attempt was made to involve members 
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of the business and residential community without success, due to a lack of interest 
m rhc process - perhaps because they perceived themselves to have no stake in the 

4. Gain trust and establish neutrality as a scientist 

This &U1 he achieved by adhering to rhe second and thud criteria on scientific cicdi- 
hi I it y and objectivity, as presented above It is helpful when we can refer to past exam- 
ples and success storied or refer to existing models that are known to stakeholders and 
perhaps published in peer- re viewed literature. However it is even more important to 
keep rhe model clear to ah participants, to have a flood hand on all assumptions and 
formalizations used in the model. For example, rhe models developed for use in the St 
Alhun* fey and Solomons Harbor watersheds have been peer- reviewed and accepted 
hy the scientific community (Gaddis, 2007; Gaddis et ai s 2007)- Model development 
is stdl underway for the James River rind Cutler Reservoir. 

5. Know the stakeholders and acknowledge conflict 

In bomi cases, stakeholders may have historical disagreement with one another. One 
purpose of the PM method is to provide a neutral platform upon which disputing 
parties can contribute and gain information. However, ic is important to watch for 
such historic conflicts and external issues that may overshadow the whole process In 
addition, we have found thar when the outcome of a modeling exercise is binding 
such as in rhe development of a TMDL parties may be both more engaged but also 
defensive if they perceive that the process will result in a negative impact on them <ir 
thetr constituents. For example, point -source polluter* may look for ways to hold up 
a TMDL process in order to pro I one; a load-reduction decision. These sources of con * 
tent ion may be masked as scientific dissent when they are actually political. When 
conflict within the group becomes unmanageable, it is important ro set out rules for 
discussion and, in some cases, to hire a professional facilitator. 

Jn the James River project, rhere had been a long history of tension between 
some stakeholders on issues of water planning. The Shared Vision Planning process 
got caught in this controversy, and could move nowhere further until some consensus 
was reached between stakeholder- In theory, the modeling process was ^uppo^ed to 
be open to all stakeholders, should he truly democratic and transparent, and should 
not depend upon local misunderstanding between some stakeholders. In practice, the 
historic network of connections {both professional and personal) between stakehold- 
ers is evident and can come to dominate the participatory process. 

6. Sefect appropriate modeling tools to answer questions 
that are dearly identified 

A critical step early in the PM process is the development of research questions and 
goals of the process. The questions identified should he answerable, given the time 
and funding available to the process Jn addition, it is important that all stakeholders 
agree on the goals of the process such that a clear research direction is embraced by 
the entire group before detailed modeling he^ms. 

Selecting the correct modeling tool is one of the most important phases uf a 
PM exercise, and should be determined based on the goals of the participants, the 
availability of data, the project deadlines and funding limitations, rather than being 
determined by scientists' preferred modeling platform and methodology. Models are 
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used to formalize concepts of watershed, stream and receiving- water processes, and as 
such explore existing dynamics and characteristics. Models can also be predictive, or 
used to compare proposed management plans and explore their effects on other proc- 
esses- Modeling tools can he especially useful in communicating complex processes, 
spatial patterns and data in a visual format that is clear and compelling and, when 
appropriately applied, can empower stakeholders to move forward with concerted 
efforts to address an ecological problem. 

It is important to maintain "model neutrality.'" It is common for modelers to turn 
to the models and modeling platforms that are most familiar ro them. It is important, 
however, always to survey the available tools and select one that is most appropriate 
to the points of interest of the stakeholders. The Solomons Harbor watershed project 
was initially geared towards a fairly sophisticated spatial modeling effort based on 
our experience in integrating dynamic spatial models. While this modeling was still 
being performed, the project focus turned to some fairly simple balance calculations 
that helped move the decision-making process in the right duection. 

To be useful in a participatory framework, models need to be transparent and 
flexible enough to change in response to the needs of the group- As we noted above, 
in some cases tools as simple as Excel can be the right choice. Major benefits of Excel 
are that it is readily available in most cases, and many stakeholders are already inti- 
mately familiar with it. Simulation (process) models help determine the mechanisms 
and underlying driving forces of patterns otherwise described statistically; however, 
they are nor practical for exploring the role of the spatial strucrure of an ecosystem. 
Alternatively, Geographic Information Systems (GIS) explicitly model the spatial 
connectivity and landscape patterns present in a watershed, but are weak in their 
ability to simulate a system's behavior over time. Model complexity must be dictated 
by the questions posed by the stakeholder group. Models that are too simple are less 
precise and explanatory; however, a model that is too complex can lose transpar- 
ency among the stakeholder group. In many cases, a simple model that can he well 
communicated and explained is more useful than a complex model that has narrow 
applicability, high costs of data, and much uncertainty. 

In addition to a Stella implementation of the simple TR-55 routing model, the 
RAN project has been using GIS analysis. The spatial visualization of streamflows ar 
the tine scale that was allowed by the LIDAR data was a turning point in the discus- 
sions, when stakeholders could actually see how their local decisions could make a 
difference. 

7. Incorporate ail forms of stakeholder knowledge 

The knowledge, data and priorities of stakeholders should have a real, not just cur- 
sory, impact on model development, both in terms of selecting a modeling platform 
and in setting model assumptions and parameters. Stakeholders often contribute 
existing data to a research process or actively parricipate in the collection of new 
data. Some stakeholders, particularly from governmental agencies, may have access 
to data that ate otherwise unavailable ro rhe public due ro privacy restrictions or 
confidentiality agreements. These data can often he provided to researchers if aggre- 
gated to protect privacy concerns, or if permission is granted from private citizens. 
In addition, some stakeholders are aware of data sources that are more specific to the 
watershed, such as locally collected climatic data. 

The PM approach is based on the assumption that those who live and work in a 
system may be well informed about its processes and may have observed phenomena 



that would not be captured by scientists. Sfakeholdf rS Can also he very helpful in 
identifying whether there are hydrology, ecological or human-dominated processes 
that have been neglected in the model structure. Stakeholders can also verify basic 
assumptions about the dynamics, history and patterns of both the natural and socio- 
economic systems. Farmers and homeowners possess important local and lay knowl- 
edge about the biophysical and socio- economic .system being researched. Anecdotal 
evidence may be the only source of assumptions about human behavior in a water- 
shed, many of which are important inputs to a simulation model (i.e. frequency of 
fertilizer application). This type of knowledge, when combined with technical knowl- 
edge of watershed processes, is key to identifying new and more appropriate solutions 
to environmental problems. 

The modeling process should be flexible and adjustable to accommodate the new 
knowledge and understanding that comes from stakeholder workshops. This requires 
chat models be modular, robust and hierarchical tit make sure that changes in com- 
ponents do not crash the whole system. 

8. Gain acceptance of modeling methodology before 
presenting model results 

Giving stakeholders the oppon unity to contribute to and challenge model assump- 
tions before results are reported also creates a sense of ownership of the process that 
make.s it more difficult to reject results in the future. This can only occur, however, 
if die models developed are transparent and well understood by the public or stake- 
holder group (Korfmacher, 2001 ). In some cases, it can reduce conflict between stake- 
holders in the watershed* since model assumptions are often less controversial than 
model results. 

The development of the modeling tools used in the St Albans Bay watershed 
was very transparent. Stakeholders were repeatedly given the opportunity to com 
ment on model assumptions and parameters selected, and were even consulted 
on alternative modeling framework* when appropriate. However, the model is not 
"user- friendly" due to the architecture of modeling framework selected. 

9. Engage stakeholders in conversations regarding uncertainty 

Stakeholders that have participated in all the stages of the model building active 
ties develop trust in the model and are less likely to question the reliability of the 
results. Primarily, this is because they know all the model assumptions, the extent of 
model reliability, and that the model incorporated the best available knowledge and 
data; they also understand that there will always be some uncertainty in the model 
results. 

70. Develop scenarios that are both feasible and ideal 

Stakeholders are in a better position to judge what the more realistic and effec- 
tive interventions are, and what the most feasible decisions might be (Carr and 
Halvorsen, 2001). 

In the Solomons Harbor watershed* Maryland, an interesting question emerged 
from the discussion of scenarios that could reduce nitrogen to Solomons Harbor 
Given limited resources for modeling, is it better to focus on the scenarios that the 
research team suspect will have the greatest impact on water quality, or those that are 
easiest and therefore likely to be implemented politically? Scenarios are very different 
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for each perspective. A consensus was Leached here through discussion to resr both 
sees of scenarios. By rescing feasible scenarios, we gee a sense of what can reasonably 
be achieved in the short term, given current funding and political realities. Ideal see- 
narios push stakeholders to chink beyond conventional solutions and to recognize the 
boundaries and time lag involved with what they aim to accomplish. Besides, another 
most cost-efficient and productive scenario emerged from rhe participatory fact- 
finding exercise: to focus on reduction of residential fertilizer application and other 
airborne sources of nitrogen in the area. 



11. Interpret results in conjunction with stakeholder group; facilitate 
development of new policy and management ideas that arise from 
modeling results 

Stakeholders can help to interpret the results and present them in the way that will 
he better understood by decision-makers at various levels of governance. They can 
advise on how best to visualize the results in order to deliver a compelling and clear 
message. 

In the St Albans Bay watershed, many of the modeling results were not expected 
by the stakeholder group. Some of the most important sources and pathways of phos- 
phorus movement to receiving waters (dissolved phosphorus from agricultural fields, 
road-sand washoff and tile drainage) were not addressed by most of the proposed sce- 
narios. Some processes had previously been considered significant by the stakeholder 
group. However, several stakeholders have indicated that they intend to use the infor- 
mation gleaned from the project to direct existing funding sources and adapt policies 
to the extent possible to address the most significant phosphorus transport processes 
and sources in the watershed. The municipalities in the watershed have agreed to 
investigate alternatives to road sand for winter deicmg of roads 

The TMDL process currently underway for Cutler Reservoir, Utah, requires 
that the results of the PM study he included in the prescribed management changes 
included in the TMDL document submitted for approval to the USEPA. These deci- 
sions include required nutrient- load reductions according to load allocations for 
various point and non-point sources throughout the watershed, as well as a Project 
Implementation Plan designed to achieve these reductions. 

In the Solomons Harbor watershed, Maryland, unexpected results led the work- 
ing group to adapt management goals and policies for Calvert County. Fertilizer and 
atmospheuc deposition were found to have a significantly larger effect than rhe com- 
munity had thought on nitrogen loads m Solomons Harbor, although none of the 
proposed septic management scenarios are likely to have a real effect on the trophic 
status of the harbor in the short-term. Nonetheless* upgrading septic tanks is still a 
good environmental decision, since it will improve groundwater quality and, in the 
long tetm, affect surface-water quality- Furthermore, it ts the only regulation that can 
be easily and immediately implemented at the local level. The model results were 
first presented to the smaller working group over two meetings and were a severe 
test of participant confidence, since new results were somewhat contrary to previous 
estimates. The working group took a very positive and constructive approach. While 
acknowledging the inheient uncertainties in the modeling process, they began to 
explote new solutions and policy recommendations. Rather than abandoning the 
proposed policies to i educe nitrogen from septic tanks, the working group chose to 
expand its policy recommendations to include all sources of nitrogen to the water- 
shed. The tesearch team found this to be a distinctly positive outcome of the PM 
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exercise. The wx.uk mg group came up with the following conclusions about the types 
of pulicy options char are realistic and available to the Solomons Harbor community: 

• Atmospheric deposition cannot be directly influenced by local ciu-ens t except 
through reduction of' local traffic and lobbying regional officials co i educe NOx 
emissions from coal fired power plants 

• Fertiliser usage can be most easily influenced rhrough educational initiatives, since 
policy changes will require involvement of or her goyexn mental and citizen groups 
beyond the Department of Planning and Zoning which is currently leading the 
initiative to reduce nitrogen ro the harbor. 

12. Involve members of the stakeholder group in presenting 
results to decision-makers, the pubiic and the press 

An important final step in the PM method is the dissemination of results and con- 
clusions to the wider community. Presentations to larger stakeholder groups, deci- 
sion -makers, Dnd the press should be made by a member of the stakeholder working 
group. This solidifies the acceptance oi the model results and cooperation between 
stakeholders l hat were established during ihe PM exercise. In addition, members of 
chc community are often more respected and have a betier handle on the impact of 
policy decisions on the local community's issues. 

In the Solomons Harbor watershed, two members of the working group pie- 
sented their recommendations to the larger stakeholder group following a pres- 
entation of the modeling results by one member of our research team. During this 
meeting, the Director of Planning and Zoning for Calvert County solicired feedback 
on proposed policy recommendations and larer refined thein fur a presentation co 
ihe Calvert County Board of Commissioners. We emphasize here that the role of 
the research team in this process was ro support the discussion rather than to recom- 
mend our own policy ideas. 

In the St Albans Bay watershed, several srakeholders participated in the prcv 
entaiion of model results to the local press and general public in May 20O6. Several 
interagency partnerships appear ro have been strengthened and trust developed in 
previously opposing groups as a result of rhc PM exercises. 

73. Treat the model as a process 

There are always concerns about the future of participatory efforts. Whnt happens 
when the researchers go away? Jf we look at how collaborative model projects are 
developed, there is a clear simdanty with the open-source paradigm, where software 
is a product of joint ef forts of a distributed group of players. Ideally, the process should 
live on the web and continue beyond a particular project. Jt is a valuable asset for 
luture decision-making and conflict resolution. It can be kept alive with incremen- 
tal funding or even donations, with stakeholders able to chip in their expertise and 
knowledge ro keep it going between peaks of activity when bigger projects surface. 
There are examples of web and modeling tools that can provide this kind of function- 
ality and interoperability, so there is real promise that this might actually happen. 

This last lesson brings up a whole new issue of how to use and reuse models. 
Where and ho^- do models "live," and how can we make the most of rhem? It appears 
that the new web technologies and the new dispersed way of collective thinking 
research and development have the potenrial ro become the new standard of mod- 
eling and decision- making. 
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9.3 Open-source, web technologies and 
decision support 

{Pans of this section stem from discussions at the International Environmental Modeling 
and Software Society workshop on Collaborative Modeling, and the resulting position paper 
with Raleigh Rood, John Daues, Hamed Assaf and Robert Stuart.) 

Computer programming in the 1960s and 1970s was dominated by the free 
exchange of software (Levy, 1984). This started to change in the 1930s, when the 
Massachusetts Institute of Technology (MIT) licensed some of the code created 
by its employees to a commercial firm and also when software companies began to 
impose copyrights (and later software pa teats) to protect their software from being 
copied (Drahos and Braithwaite, 2002). 

Probably in protest agamst these developments, the open-source concept started 
to gain ground in the 1980s. The growing dominance of Windows and the annoy ingly 
secretive policies of Microsoft certainly added fuel to the fire. The open-source con- 
cept stems from the so-called hacker culture. Hackers are not what we usually think 
they are - software pirates, vicious producers of viruses, worms and other nuisances 
for our computers. Hackers will insist thar those people should be called "crackers. " 
Hackers are the real computer gurus, who are addicted to problem -solving and build- 
ing things They believe in freedom and voluntary mutual help. It is almost a moral 
duty for them to share information, solve problems, and then give che solutions away 
just so other hackers can solve new problems instead of having to re-address old ones. 
Boredom and drudgery are not just unpleasant hut actually eviL Hackers have an 
instinctive hostility to censorship, secrecy, and the use of force or deception. 

The idea of software source code shared for free is probably best known in con- 
nection with the Linux operating system. After Linus Torvaids developed its core 
and released it to softwaie developers worldwide, Linux became a product of joint 
efforts of many people, who contributed code, bug reports, fixes, enhancements 
and plug- ins. The idea really cook off when Netscape released the source code of its 
Navigator, the popular Internet browser program, in 1998. That is when the term 
"open source' 1 was coined and when the open-source definition was derived Both 
Linux and Navigator (the latter now developed as the Pirefox browser under mozilla. 
org) have since developed into major software products with worldwide distribution, 
applications and input from software developers. 



The basic idea behind open source is very simple; when a 
programmer can read, redistribute, and modify the source code 
for a piece of software, the software evolves. People improve it, 
people adapt it, people fix bugs. And this can happen at a speed 
that, if one is used to the slow pace of conventional software 
development seems astonishing. 

Raymond, 2000a 



Motivated by the spirit of traditional scientific collaboration, Richard Stallman, 
then a programmer at MIT's Artificial Intelligence Laboratory, founded the Free 
Software Foundation (FSF) in 1985 (http://wxvw.fsf.org/). The FSF is dedicated to 
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prpmptiriR computer users' rights to use, study, copy, iruxjify and redistribute computer 
programs Bruce Perens and Eric Raymond created the Open Source Definition, in J 998 
{Perens, 1998). The Genual Public License (GPL), Richard StallmaiVs innovation, is 
sometimes known as "copy le It" - a form ol copyright protection achieved through curt' 
tract taw. A* Stall man describes it: 



To copyleft a program, first we copyright it; then we add 
distribution terms, which are a legal instrument that gives 
everyone the rights to use, modify, and redistribute the program's 
code or any program derived from it, but only if the distribution 
terms are unchanged. 



The GPL creates a commons in software development "tn which anyone may add, 
but from which no one nifty subtract." 

One of the crucial parts of the opeiv source license is that it allows modi heat ions 
and derivative works, but all of them must be then distributed under the same terms 
as the license of the original software. Therefore, unlike simply free code, that can be 
borrowed and then used in copy nyh fed, cnmmerual distributions, the open -source 
definition and licensing effectively makes sute that the derivatives stay in the open- 
source domain, extending and enhancing it. The GPL prevents enclosure of the tree 
software commons, and creates a legally protected space for it to flourish. Because 
no one can seise the surplus value created w ithin the commons, software developers 
are willing to contribute their time and energy to improving it. The commons is ptu< 
tec ted and stays protected. 

The GPL is the chief reason that Lmu\ and dozens of other programs have been 
able to flourish without beinp privatised. The Open Source Software (OSS) paradigm 
can product innovative, high-quality software that meets the needs of research sci- 
entisis with respect to performance, scalability, security, and total cost nf ownership 
{TCO). OSS dominates the Internet, with scift ware such as Sendmail, BIND (DNS), 
PHP, OpenSSL, TCP/IP, and HTTP/HTML. Many excellent applications also exist, 
including Apache web server, Mod la Firefox web browser and Thunder bird email 
client, the OpenOfrice suite, and many others. 

OSS users have funda mental control and flexibility ad vantages For example, if 
we were to write a model using ANSI standard O + (as opposed Microsoft Ct + ), 
we could easily move the code from one platform to another This may be conven- 
ient for a number of reasons - from simply a preference for one developer to another, 
to moving from a desktop PC environment to a high-performance computing envi- 
ronment. Open Standard*, which are publicly available specifications, offer control 
and flexibility as well. Examples in science include Environmental Markup Language 
(EML) and Virtual Reality Markup Language (VRML). If these were proprietary, use 
wnutd be likely limited to one propriety application to interface with one proprie- 
tary format or numerous applications, each with its own form nr. We need only imag- 
ine the limitations on innovation if commonly used protocols like ASCII, HTTP 
or HTML were proprietary. To organize this growing community, the Open Source 
Development Network (080N) ( http;//w ww.osdn.com ) was created. Like many pre- 
vious open-source spin offs, ii is based on the Internet and piovides the teams of soft- 
ware developers distributed around the world with a virtual workspace where thev 
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can discuss their ideas and progress, any bugs, share updates arxd new releases. The 
open-source paradigm has become the only viable alec mauve to the copyrighted, 
closed and restricted corporate software: 

What underlies the OSS approach is the so-called "gift culture" and "gift econ- 
omy" that is based on this culture. Under gift culture, you gain status and reputation 
within it not by dominating other people or by being special or by possessing things 
other people want, but rather by giving things away - specifically, by giving away your 
time, creativity, and the results or your skill We can find this in some of the prims- 
tive hunter-gatherer societies, where a hun rer's status was not determined by how 
much of the kill he are T but by what he brought back for or hers. One example of a 
gifr economy is the poi latch, which is part of the pre* European culture of the Pacific 
Northwest of North America. In the potty tch ceremony! the host demons-crates his 
wealth and prominence by giving away possessions, winch prompts participants to 
reci procare when they hold their own pot latch. There are many other examples of 
this phenomenon. What is characteristic ot most is that c hey are based on abundance 
economies. There is usually a surplus nf something chat it is easter to share than to 
keep for yourself. There is also the understanding of ret ipn miry - that by doing ibis, 
people can lower the a individual risks and increase their survival (Raymond, 2000} 

In hunter-gatherer societies, freshly killed game called fur a gift economy because 
it w;is perishable and there was too much for any one person to ear. Information also 
loses value over rune and has the capacity to satisfy more than one\ In many cases, 
information gains rather, than loses value through sharing. Unlike material or energy, 
rhere are no conservation laws for information. On the contrary, when divided and 
shared, the value of information only grows - the teacher does nor know less when he 
shares his knowledge with his students, While the exchange economy may have been 
appropriare fur the industrial age, the gift economy is coming back as we enter the 
information age. 

If should be noted thai the community of scientists, in a way, follows the rules of 
a gifr economy. The scientists with highest status are not those who possess rhe most 
knowledge, rhey are rhe ones who have contributed the most to then fields. A scierv 
rise of great knowledge but with no students and followers is almost a loser - his or 
her career is seen as a waste of talent However, in science the gtfi culture has not yet 
fully penetrated to the level of data and source-code sharing This culture has been 
inhibited by an antiquated academic model for prnmonon and tenure that is still 
prevalent today This culture encourages delaying the release of data and source code 
to ensure that credit and recognition are bestowed upon the scientist who collected 
the data and/or developed the code. This model {which was developed when data 
were much more difficult to collect and analyze, and long before computers and pro- 
gramming exiMed) no longer applies in the modern scientific world, where new sen- 
sot technologies and observing systems generate massive volumes of data, and where 
computer proymms and numerical models have become so complex that they cannuc 
be fully analyzed or comprehended by one scient ist or even small teams. 



Knowledge-sharing and intellectual 
property rights 

For centuries, nobody cared about "owning knowledge " Either people freely shared 
ideas, or they were kept secret. The idea of giving knowledge out yet reraimng some 
sort of connection to it, rights for it, was hard to comprehend. Actually, it is still a 
pretty fluid concept, regardless of the numerous laws and theories that have been 
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created since the British Statute of Anne, from 1710, which was the first copyright 
act in the world. Victor Hugo struggled with the concept back in 1870: 



Before the publication, the author has an undeniable and 
unlimited right. Think of a man like Dante, Moliere, Shakespeare, 
imagine him at the time when he has just finished a great work. 
His manuscript is there, in front of him; suppose that he gets the 
idea to throw it into the fire; nobody can stop him. Shakespeare 
can destroy Hamlet, Moliere Tartu fe, Dante the Hell. 

But as soon as the work is published, the author is not any more 
the master. It is then that other persons seize it: call them what 
you will: human spirit, public domain, society It is such persons 
who say: I am here; I take this work, I do with it what I believe I 
have to do, [...} I possess it, it is with me from now on.... 



An Act for the Encouragement of Learning, by Vesting the Copies of Printed Books in 
the Authors or Purchasers of such Copies, during theTimes therein mentioned. 

Whereas Printers, Booksellers, and other Persons, have of late frequently taken the Liberty of 
Printing, Reprinting, and Publishing without the Consent of the Authors or Proprietors of such 
Books and Writings, to their very great Detriment, and too often to the Ruin of them and their 
Families For Preventing therefore such Practices for the future, and for the Encouragement of 
Learned Men to Compose and Write useful Books; May it please Your Majesty, that it may be 
Enacted, .. That from and after the Tenth Day of April, One thousand seven hundred and ten, 
the Author of any Book or Books already Printed, . . or . other Person or Persons, who hath 
or have Purchased or Acquired the Copy or Copies of any 8ook or Books, in order to Print or 
Reprint the same, shalt have the sole Right and Liberty of Printing such Book and Books for the 
Term of One and twenty Years, to Commence from the saidTenth Day of April, and no longer. 
(hhp7Mww.copyrighthistory.com/anne.html] 



Formally, an intellectual property (IP) is a knowledge product, which might be 
an idea, a concept, a method, an insight or a fact, that is manifested explicitly in a 
patent, copyrighted material or some other form, where ownership can be defined, 
documented, and assigned to an individual or corporate entity (Howard, 2005). Ic 
turned out that in most cases it was the corporations, companies, producers and pub- 
lishers who ended up owning the intellectual property rights and being way more 
concerned about them than authors, even though originally the idea was for the 
"Encouragement of Learned Men to Compose and Write useful Books/' 

Although the concept of public domain was implicitly considered by the Statute 
of Anne, it was clearly articulated by Denis Diderot, who was retained by the Pans 
Book Guild to draft a treatise on literary rights. In his Encyclopedia, Diderot advo- 
cated the systemic presentation and publication of knowledge of all the mechanical 
arts and manufacturing secrets for the purpose of reaching the public at large, promo- 
tion of research, and weakening the grip of craft guild on knowledge (Tuomi, 2004). 
With these pioneering ideas, Diderot set the stage for the evolvement of public 
domain, which includes non-exclusive IP that ,s freely, openly available and acces^ 
sible to any member of the society. 
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At the same time, Diderot was part of a debate with another French Enlight- 
enment prominent mathematician, philosopher, and political thinker, the Marquis 
de Condorcet (1743-1794), who was voicing even more radical ideas about intel- 
lectual property rights. Diderot argued that jdeas sprang directly from che individual 
mind, and thus were a unique creation in and of themselves. Indeed, they were, in his 
words, "the very substance of a man" and "the most precious part of himself." Ideas 
had nothing to do with the physical, natural world; they were subjective, individual 
and uniquely constituted, and thus were the most inviolable form of property. For 
Diderot, putting ideas tn public domain did not encroach on the property rights for 
these ideas. For him, copyright should be recognized as a perpetual property right, 
bestowed upon an author and inherited by his or her offspring. 

Condorcet went much further. In sharp contrast to Diderot, he argued tliat ideas 
did not spring directly from the mind but originated in nature, and were thus open 
to all. Condorcet saw literary works as the expression of ideas that already existed. 
The torm of a work might be unique, but the ideas were objective and particular, 
and could not be claimed as the property of anyone. Unlike land, which could only 
be settled by an individual or a family, and passed down by lineage to offspring, ideas 
could be discovered, used and cultivated by an infinite number of people at the 
same time. 

For Condorcet, individuals could not claim any special right or privilege to ideas. 
In fact, his ideal world would contain no authors at all Instead, people would manipu- 
late and disseminate ideas freely for the common good and the benenr of all. Copyright 
would not exist, since no individual or institution could claim to have a monopoly on 
an idea. There go our patents! 

Public domain and exclusive IP rights represent the two extremes in IP regimes, 
with the former providing a free sharing of knowledge and the latter emphasizing the 
rights of owners in limiting access to their knowledge products. Since the inception 
of the concept of intellectual property rights, it has been argued that protecting these 
rights provides adequate compensations for owners and encourages innovations and 
technological development. However, historical evidence and published research do 
not support these claims, and point to lack of concrete evidence that confirms them 
(National Academy of Engineering, 2003). Also, and increasingly, many technologi- 
cal innovations are the result of collaborative efforts in an environment that promotes 
non-exclusive intellectual rights. Although most of these efforts are in the software 
development domain (e.g. development of Linux), it is interesting to note that the 
tremendous growth and development in the semiconductor industry are mainly 
attributed to the highly dynamic and connected social networks of the Silicon Valley 
in the 1960s, which was regarded as a public domain region, since information and 
know-how were freely shared among its members. 

In the world of business, preservation of exclusive IP rights is seen as a necessity 
to maintain competitive edge and protect expensively obtained technology. Patents 
that were designed to stimulate innovation are now having the opposite effect, espe- 
cially in the software industry. As Perens describes: "Plagued by an exponential growth 
in software patents, many of which are not valid, software vendors and developers 
must navigate a potential minefield to avoid patent infringement and future lawsuits" 
(Perens, 2006a). The big corporations seem to solve the problem by operating in a 
detente mode: by accumulating huge numbers of patents themselves, they become 
invulnerable to claims from rivals - competitors don't sue out of fear of reciprocity. 
However, now we see that whole companies are created with the sole purpose of gen- 
erating profit from patents. These "patent parasites" make no products, and derive 
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all of rheir income frnm pacarii HtrgatLcin, Since they make no products, the parasites 
themselves rire in vulnerable to patent infringement lawsuits, and can attack even very 
large companies without any fear that chose companies will retaliate. One of the most 
extreme and ugly methods is known a* patent forming - influencing a standards organ- 
ization to use a particular principle covered by a patent In the worst and most decep- 
tive form ol patent farming the patent holder encourage* the standards organ >:aUun 
to make use of a principle without revealing the existence of a patent coverinp that 
principle. Then, later on, the patent hokler demands royalties hum all implemented 
of the standard (Perens, 2006b), 

Certainly, these patent yames are detrimental tor small businesses. Accord ing to 
the American Intelleccual Property Law Association, software parent lawsuits come 
with a defense cost of about $3 million per annum. A single patent suit could hank- 
iupi a typical small or medium- sized applications developer (let alone an open- son ice 
developer) even before the case were fully heard (NewsCom, 2005). The smaller pat- 
em hokler simply cannot sustain the expense of defense h even when justified, and is 
forced to settle and license patents to the larger company. The open-source com- 
munity is also constantly under the threat of major attacks from large corporations- 
There is good reason to expect that Microsoft will soon be launching a patenobo>ed 
leual offensive a^amst Linux and other tree software project* (NewsForge, 2004). 

Unfortunately, universities are increasingly seeking to capitalise on knowledge 
m the form of IP rights. However, only a few of ihese universities are generating s-ig' 
niheant revenues from licensing such rights (Howard, 2005), This applies equally to 
individual researchers who may seek to protect and profit from their findings. 

Software development and collaborative 
research 

Just as public: domain and exclusive IP rights represent the two extremes in IP regimes, 
the software development process can occur in one of two ways - either the ' cathe- 
dral" or the "baiaar" (Raymond, 2000a)- The approach of 'most producers of commer- 
cial, proprietary software is that uf the cathedral, carefully crafted by a small number 
of people working in isolation. This is the traditional approach we also find in scien- 
tific research Diametrically opposed to this is the bazaar, the approach taken hy open- 
source projects. Open source encourages people to tinker freely with the code, thus 
permitting new ideas to be easily introduced and exchanged. As the best of those new 
ideas gain acceptance, it essentially establishes a cycle of building upon and improving 
the work of rhe original coders (frequently in ways they didn't anticipate) The release 
process can be described ay release early and often, delegare everything you can, be 
open. Leadership is essential in the OSS world - i.e., must projects have a lead that 
has the hnal word on what goes in and what does not For example, Linus Turvalds 
has the final say on what is included in the kernel of Linux. In the cathed rah builder 
view of programming, bugs and development problems are tricky, insidious, deep phe- 
nomena. It takes months to weed them all out - thus the long release intervals, and 
the disappointment when long-awaited releases are not perfect In rhe ha:aar view, 
most bugs become shallow when exposed to a thousand co-developers. Accordingly! 
frequent release leads tu more corrections, and T as a lx-nefictal side-effect, you have 
less to lose if a hug gets through the door- 
It is clear thai [he ba:aai approach can work in general scientific projects, and 
in modeling applications in particular. Numerous successful examples, especially in 
Earth system modeling attest to this fact. However, we must also recognize that there 



is a difference between software development and science, and that software engi- 
neer and scientists have different attitudes regard ing software development. For a 
software engineer, the exponential growth of computer performance offers unlimited 
resources for the development ol new modeling systems. Models are therefore viewed 
by engineers as just pieces nf software that can be built from blocks or objects, almost 
automatically, and then connected over the web and distributed over a network of 
computers. It is simply a matter ol choosing the right architecture and writing the 
appropriate code. The code is either correct or not; etcher it works or u crashes. Not 
so with a Scientific model. Rather, most scientists consider that a model is useful only 
as an eloquent simplification of reality chat needs profound understanding of the sys- 
tem to be built. A model should tell us mote about the system than simply the data 
available Even the best model can be wto'rtg and yet still quite useful if it enhances 
our understanding of the system. Moreover, it often rakes a lonj^ rime to develop and 
test a scientific model. 

As a result of this difference in point of view and approach, we tend to see much 
more rapid development of new languages, software development tools and open- 
Lode and information -sharing approaches among software engineers. In contrast, we 
see relatively slow adoption of these tools and approaches by the research modeling 
community. This is in spite of the fact that they will undoubtedly catalyze more rapid 
scientific advancements As web services empower researchers, it is becoming clear 
that the biggest obstacle to fulfilling this vision of free and open exchange among sci- 
entists is cultural. Compertnveness and conservative approaches will always be with 
us, but developing ways to give meaningful credit to those who share their data and 
their code will he essential in order to change arntudes and encourage the diversity 
of means by which researchers can contribute to the global academy {Nature, Z 00 5 ) . 
it is clear that a new academic model that promotes Open exchange of data, software 
and information is needed Fortunately, the success of the open sourtie approach in 
software development haa encouraged x^esearchers to start considering similar shared 
open approaches in scientific research Numerous collaborative research projects are 
now based on Internet communications, and are led simultaneously at several insti- 
tutions working on pares of a larger endeavor (Schweik etal, 2005). Sometimes, such 
projects are open and allow new researchers to participate in the work. Results and 
credit are usually shared among all the participants- This trend is being fueled by the 
general trend of increasing funding for large collaborative research projects, parricu* 
larly in the Earth sciences. 



Open-source software vs community 
modeling 

The recent emergence of open-source model development approaches in a vari- 
ety of different Earth science modeling efforts (which we refer to here as commu- 
nity modeling) is an encouraging development Although the basic approach is the 
same, we can also identify several aspects of research oriented community modeling 
that distinguish it from an opeivsource software development. For example, there 
have been a number uf successful community modeling efforts {Table 9, 1 }. However, 
unlike most open-source software developmenr projects, these have been blessed by 
substantial grant and contract support {usually from federal sources), and exist Largely 
as umbrella projects for existing ongoing research, Lt is probably also fair to say that 
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023[51 (Continued) 


Name 


Website and players 


Scope 


Projects 


WATer and 

Environmental 

Research 

Systems 

(WATERS) 

Network. 


http://www cuahsi org/ 
httpV/cleaner ncsa.uiuc 
edu/home/ 


Hydrologic sci- 
ences, complex, 
large-scale environ- 
mental systems, 
education, outreach, 
and technology 
transfer 


CUAHSI Consortium 
of Universities for the 
Advancement of Hydrologic 
Science. CLEANER 
Colleoorative Large-scale 
Engineering Analysis Network 
for Environmental Research 



most of the existing Earth science community models are noc truly "open source 1 ' - i.e. 
access to the codes and rules governing modification and redistribution are usually 
more restrictive than, for example, those under GPL. 

In general, in community modeling there is usually a much smaller number of 
participants because the research community is much smaller and more specialized 
than che broad field of software development. Because the pool is smaller, it may 
he harder to find the right people, both in terms of their skills and their willing- 
ness to collaborate within an open modeling paradigm Similarly, there is generally 
a much smaller number of users of open -source research-oriented models, which may- 
be very specialized and usually require specific skills to use. This is mostly because 
scientific models are very often focused on simulating a specific phenomenon or 
addressing a specific scientific question or hypothesis, and also because the scientific 
community is very small compared with the public at large. Along these same lines, 
research-oriented models are generally more sophisticated and difficult to use than 
software products that are developed for the public. It is certainly much harder to 
run a meaningful scenario with a hydrodynamic simulation model than to aim a vir- 
tual gun at a virtual victim and press the "shoot" button in a computer game (though 
it might be argued that to a large extent this difference in difficulty of use has more 
to do with the primitive state of the user interface of most scientific codes). It is also 
generally true that scientific codes require more sophisticated documentation and a 
steeper learning curve. Documenting scientific models is a real problem - it is not 
what researchers normally enjoy doing, and the need for doing it is rarely appreci- 
ated and funded. On the other hand, documentation is a crucial part of the process if 
we anticipate others using and taking part in the development of our models. 

Open research modeling is also much more than open programming. As men- 
tioned above, software development has a clear goal, an outcome. The product 
specifications can be well established and designed. In contrast, research modeling is 
iterative and interactive. The goal often gets modified while the project evolves. It is 
much more a process than a produce. It is usually harder ro agree on the desired out- 
comes and the features of the produce. In some respects, modeling is more like an art 
than a science. Following this analogy, how do you get several artists together to paint 
one picture? This is particularly true in ecological modeling, where there is no over- 
arching theory to guide model structure and where a variety of different formulations 
can be used to represent a particular process. These aspects of scientific modeling 
actually make it highly amenable to open programming approaches, which naturally 
allow a high degree of flexibility. 
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A significant impediment to developing open research models is the lack of 
irUrj^tnjcn.irc then: .iri 1 Mill wry lew good .software :oo"s to •- • " : f • : ■ " c commnnftv 
research and modeling projects. Once ^;i!n r there is an obvious gap between software 
and application There is software that paten 'daily offers some exciting approaches 
and new paradigms rn support modularity, data-shai ing, web access or ilesihle 
organization - all the major components required tor successful model integration 
and development. The most recent trends in software design are compared with the 
Lego constructor over the web (Markoff, 2006) - exactly what we need for modular 
models. However, this is yet to he developed and applied to the modeling process, 
and embedded into the modeling lexicon and practice. Yet another difference is rhat 
most research modeling projects takes years to develop, This is in contrast to some 
of rhe soft ware hacks that can be invented and implemented in a matter of hours, 
quickly gfTi.mrYg recognition and respect in the software development community. 
Research is a much slower and ted sous process, where small incremental ideas and 
successes may be very important, hut are much harder to document, disseminate and 
appreciate. 

Finally, returning to the central problem, we really need to change the tra- 
ditional culture and attitudes of research scientists - that is t promote a shift in the 
mindset and psychology that drives scientific reseaich. Historically, most science has 
been driven by individual efforts and talent. The talent and ingenuity of individu- 
als wsll always he critical in scientific exploration, hut with the gi owing amount ol 
data, knowledge and information, most of the breakthrough achievements are now 
produced by ream efforts, where teams and teamwork rather than individuals are 
key. This trend is being driven ro a large extent by the increasing emphasis in scien- 
tific research on large projects aimed at solving complex interdisciplinary problems, 
such as simulating and predicting the Earth system response ro global wanning. It is 
becoming increasingly difficult to identify the sole individual who cries "Eureka P and 
solves the problem. Even when this does occur, very often the recognition is biased 
hy past success, hierarchy, and personalities There t.s an ohvmus need for new award 
and credit systems that will stimulate sharing and teamwork rather than direct per- 
sonal gain, credit and fame 

By sharing rhe dara and concepts over the web, potential users are invited to join 
in collaborative research and analysis of the future trends of watershed development. 
Their feedback is solicited for further dissemination and Improvement of 'knowledge 
about the watershed system. The management and decision making ate disclosed to 
the public, offering a broad spectrum of views and values, and inviting stakeholders 
to become participants in a truly democratic proces? of dec is ion- makiiig. 

Beyond separate projects involving F'M, we can envision them corning together 
in an integrated effort to support whole ecosystem and watershed management, which 
is a holistic and integral way of research, analysis and decision- making at a water- 
shed scale In the 1990s and even earlier, there was much hope for this approach It 
certainly implies more than just the regional scale of analysis. The method stresses 
the need to integrate not only physical and biolngical factors, but also political and 
socio-economic ones The major impetus foi watershed management stemmed from 
the understanding that science needs to be linked to planning, and that decision- 
making should be based on hioad citizen involvement. Thus it is important that the 
information is shared hetween the stakeholders and that it is processed into a format 
readily perceived by wide and diverse groups, institutions and individuals Moreover, 
the watershed delineate* a physical boundaty and not a political one, creating rhe 
need for methods that will allow management and communication between many 
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administrative entities such as towns, counties and states. One of the problems that 
watershed management immediately encountered was the mismatch between the 
existing administrative hierarchies and the physical and societal boundaries and 
groupings thar represented the watershed dynamics. Appropriate institutions are 
required that can operate in a flexible manner over alternative regional divisions. 

The fact chat ecosystem management seeks alternative mechanisms to purely 
market forces based on the existing policy equilibrium seems to be very bothersome to 
traditional economists (Fitzsimmons, 1994) They argue that the ecosystem concept 
is inappropriate for use as a geographic guide for public policies. Mostly, though, they 
are concerned that the ecosystem approach will significantly expand federal and other 
non-market control of the use of pnvately-owned land, and lead to increased restric- 
tions on the use of public lands for economic purposes. 

Lackey (1998) identified five general characteristics for ecosystem management 
problems. 

1. Public and private values and priorities are in dispute, resulting in mutually exclu- 
sive decision alternatives 

2. There is political pressure to make rapid and significant changes in public policy 

3. Private and public stakes are high, with substantial costs and risks (some irrevers- 
ible) to some gtoups 

4. The technical, ecological and sociological facts are highly uncertain 

5. Policy decisions will have effects outside the scope of the problem. 

These seem like exactly the type of difficulties that can be resolved with PM. 
He concludes that "solving these kinds of problems in a democracy has been lik- 
ened to asking a pack of four hungry wolves and a sheep to apply democratic princi- 
ples to deciding what to eat fot lunch" (Lackey, 1998: 22). The outcome may seem 
quite obvious, except that with people thete is always less certainty about how prob- 
lems are resolved, and in the long run there is still a chance for the sheep to per- 
suade the wolves to become vegetatians. The success of this endeavor becomes very 
much dependent on how efficiently the new technology is developed and used, since 
it is our scientific, cultural and social development that makes Homo Sapiens spe- 
cial and leaves certain space for optimism. In this context we do not view technol- 
ogy as a panacea that can cure all the problems of environmental degradation and 
resource depletion, but rather as a means of understanding, educating, and resolving 
conflict. 

Regional management implies a close interaction and linkage between the 
numerous agents acting in the region. The efficacy of this interaction is a function 
of the information that is shared among and used by all the stakeholders. In many 
cases, it depends not so much on the quality and amount of the information avail- 
able (what science has been mostly concerned with all this time) but rather oo how 
well the information is disseminated, shared and used. And that is exactly the func- 
tion that the PM techniques can offer, especially if they are enhanced by the Web 
technologies. 

As with the advent of any new technology, it has taken some time to realize 
all the benefits and advantages that the Internet can deliver. Until 1992 it was the 
realm of a relatively small contingent of scientists and engineers, who were using 
it to communicate data among themselves, and both the sender and the recipient 
of information were usually personally defined. The Web opened a new page in the 
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use and development of the Internet, Information was no longer personally targeted; 
once posted fn the net it became open to any user who had the interest and tune to 
\. iew it. Basically, the Web to rhc Internet is the same as the radio is to postal serv- 
ices- Instead of mailing a letter to fl definite addressee h information could be now 
aired as if being broadcast over a radio or television network, with the sender no 
longer knowing who the recipient is to he. In this way, rhe audiences expanded dra- 
matically and arc still growing rapidly. A major advantage of the Web, compared 
with other mass media, is that it is relatively cheap. As a result, th addition to the 
businesses that are eager to employ another opportunity for advertisement and sales, 
the Web otters a whole new way of outreach and com mui neat ion to governmental, 
academic and non -profit organizations Even individuals can afford to establish their 
presence in this mass media- 

Another advantage of the Web is that it provides for direct feedback from the 
recipient, who can now interact with the information displayed. Instead of just 
passively viewing information, website visitors can change and modify it remotely. 
Users are offered search engines that can direct them to the most relevant infor- 
mation available; they can revisit sites and refer others to them. Unlike other mass 
media, the Web is more stable and persistent m the sense that, unlike other mass 
media such as radio, where once information has been aited it is no longer retract- 
able, on the Web the information stays where it was and can be easily referenced and 
downloaded. 

In spite of these novel features, most of the use of the Internet does not seem 
to be much different from that of the traditional mass media or archived informa- 
tion (libraries, data sets, etc.)- Business is driving a vast majority of web applications 
towards advertisement and sales in a way very similar to that which may he observed 
on radio and TV, and in unsolicited mail and catalogs. There are just a few exam- 
ples when the Web ls used m an innovative way that employs some of its unique 
features 

The consensus building power of the "informational superhighway" created 
on the Weh has not been used to "full speed." We argue chat there are a number 
of features that make the Web an exceptionally important tool for watershed mana- 
gement in particular, and for decision support and management m general. The 
Web is: 

• Open, The Internet is one of the most readily available and reliable media, pro- 
vidua g information across geographical, administrative, social and economic 
boundaries. It is relatively cheap, and can be accessed by all the stakeholders in a 
watershed and outside of it The fact that tt requires a computer for advanced TV 
sec - "Web-TV") and an Internet connection is becoming less and less restrictive 
as more Internet Service Providers (ISP) enter the market For those who do not 
have Web access at home or at work, there are public providers (libraries, "web- 
cafe's/ 1 etc.) that also have become more available. This direct access to all the 
necessary information and, reciprocally, the ability to disseminate the facts that 
are of concern to particular stakeholders is an important prerequisite of watershed 
management. 

• Interactive. It is most important for management purposes that the user has the 
option of interacting with the provider of information and with other stakehold- 
ers. With rhe Internet, this can be accomplished either via e-mail or directly 
through forms, Wtkis or hlo^s that can be part of web pages and transmitted ro 
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the server. These contributions can be further manually or automatically proc- 
essed and posted hack on the Web. In this case, information is not only passively 
perceived, as in case or the traditional media (radio, press, newsletter, etc.); 
it also stimulates direct feedback. Moreover, users can modify the content and 
format of the existing pages by ordering excerpts from data bases or providing 
scenarios for model runs, and thus creating their own output to be immediately 
viewed on the Web. They may also provide additional information to the Web in 
response to the published requests or as a representation of their own findings and 
concerns. 

• Fast. Communications via the Internet are probably the fastest and the most eco- 
nomic, since they do not require any intermediate carriers (as in ordinary mail) 
and materials (paper). Once the information is updated on the server, ir. becomes 
immediately available for further use and processing. The feedback in many cases 
can be handled automatically and directly channeled to the appropriate weh link 
or interest group. 

• Spatially distributed. Internet access is offered over telephone lines and therefore 
covers almost the entire planet. The various nodes on the Internet can correspond 
and represent the spatially distributed data of different stakeholders in the water- 
shed and outside it. The web tools allow information to be linked together; search 
engines are created to had the necessary information and data. In this way, con- 
cerns and awareness can be shared across different geographic localities. This gives 
a broader picture of the system at stake within the framework of external systems 
and concerns. 

• Hierarchical. The hierarchical structure supported by [he Web design allows organ- 
ization of the data in logical and efficient ways when various branches on the Web 
may present specific fields, domains and interest groups. The links on web pages 
can stitch the whole structure together, offering cross-references and alternative 
views whenever necessary. For example, the watershed hierarchy of subwatersheds 
and sub-subwatersheds can he easily mirrored on the Weh, with specific groups of 
pages representing each particular level. The hierarchical structure also offers lev- 
els of protection for the information, allowing certain domains to be completely 
open to all users, others only read -permitted, and still others accessible only to 
limited users and interest groups, providing the necessary extent of privacy and 
discretion. 

• Flexible- Additional benefits that are offered by the interactive features allow the 
data to be processed by users according to [heir own goals and interests. This is 
especially important for modeling tools, because hy employing the Web they can 
be made directly accessible to the user, and sufficiently flexible and user-friendly 
to be used meaningfully and efficiently. Currently, web applications are being used 
at the high-school level to teach science and ecology. The scope of potential uses 
ranges from running particular scenarios, which stakeholders can formulate based 
on their concerns, to adjustments in scale and structural detail of the model in 
response to special needs and projects. 

AH the important features and tools to augment and improve decision support 
and management seem co be present, and it then becomes a matter of using them 
efficiently. This is really handy for supporting the PM process and making it evolu- 
tionary and adaptive over the weh, such that it can remain an ongoing activity even 
when the current project has reached its goals and a certain decision has been made. 
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No matter how good and appropriate a decision, an open system tends to change and 
evolve, and decisions will eventually need ro be reassessed and adapted to new devel- 
opments and new data. The web presence of Makehulders and their previous efforts 
as. part of a PM project, together with modeling tools and data that have been devel- 
oped and researched, should remain available for future applications. Future projects 
will then not need to star: from scratch, as there will be access to all the previously 
collected information, and, even more importantly, rhe social capital of social net- 
works and tittle* developed as part of the previous PM adventure. 

A PM project becomes a kind of open source project with various stakeholders 
contributing to it in various roles. Some will be administering the process and guid- 
ing its progress, others will be contributing hits of data and knowledge, others will be 
deve loping models and analytical tools, while yet others will be writing documen- 
tation and disseminating results to other interested parties. This is very similar to 
the structure of many open -source software projects, thousands of which are adminis- 
tered by Source Forge at htrp://www.wurc;efu rge.net - a powershop tor open software 
development . 

9.4 Conclusions 

Much human creativity is geared towards moving energy and materials rather than 
information, even though information has become another crucial component 
of human welfare and livelihood Information, unlike energy and materials, is not 
subject to conservation laws. By copying information from sources and distributing it 
to new destination?, we do not lose information at the source. This is what is known 
as non-rival goods in ecological economics (Daly and Farley, 2004). As with gravity, 
by using information we do nut decrease the ability of others to use it- Nevertheless, 
exchange of information is restricted by patent law, as well as by institutional, 
cultural and traditional hurdles that create protective barriers hindering the free 
flow of this valuable commodity. In this way, we are milking it excludable. It is not 
surprising that private companies are often reluctant to share data and software, 
because it can impact their profits m a competitive market. Unfortunately* bam* 
ers to information exchange are also significant in the academic community, where 
rhe long-standing emphasis on publication and (perhaps unwarranted) fear of mis- 
use oi released data and software hyve inhibited free and open exchange. Promotion 
and tenure at academic msti tut inns is still largely dependent upon the vol Lime 
of peer-reviewed publications and success in securing grant and contract funds. 
As a result, academic scientists have little or no incentive to spend the time and 
effort that is required to document and disseminate their data and/or iheir models 
rind code for the greater good of the research community. This problem is 
exacerbated by the fact that grant and contract funding for research rarely provides 
direct support for documentation and dissemination activities. The issue is particu- 
larly acute when it comes to sharing the source code of models and data analysis 
software - even if a scientist or engineer is amenable to sliann^ the code, the effort 
required to provide documentation to make it useful is often viewed as an insun 
mouniable obstacle- 
Funding agencies worldwide seem ro recognize clearly the pressing need to 
enhance communication and promote open exchange of data and information 
among scientists and between academic and private institutions via the Internet. 
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The National Science houndarion, for example, has initiated several new major 
research initiatives diac are aimed at developing and/nr explicitly requiring this 
enhanced communication These initiatives include NEON (National Ecological 
Observatory Network), CLEANER (Collaborative Lmge-Scale Engineering Analysis 
Network for Environments! Research), CUAHSI (Consortium of Universities for 
the- Advancement of Hydrolo#ical Science Inc.) and ORION (Ocean Research 
Interactive Observatory Network), to name just a few. The European Unitm has 
funded such open-source projects as HarmonTT and Seamless. All of these initia- 
tives embrace the ides that developing the infrastructure needed to allow free and 
open exchange of large volumes of data and information will he crucial for mak- 
ing rapid scientific advancements in the future For example, the success of current 
efforts to develop Earth observatories in both terrestrial (e.g NEON) and marine 
(e.g. ORION) environments will be critically dependent upon the successful devel- 
opment of this infrastructure, because these observatories will have to collect, proc- 
ess and disseminate large volumes of data and assimilate them into models m a 
timely manner 

The challenges we face in creating a new research paradigm are many. 
Substantial improvements in hardware (e.g. network and computing infrastructure) 
and software (e.g. database manipulation software and data-assirmlacing numerical 
models), and a much higher level of standardisation of data formats, will be required. 
New means for partying out real time data process mg and automated data quahry 
control will also have to be developed. However, we believe that one of the great- 
est challenges we face in this endeavor is building the community- modeling and 
i n fb r mat ioivsha ring culture that will be required for success. How do we get engi- 
neers and scientists to put aside their traditional modes of doing business? How do 
we provide the incentives that will be required to make these changes happen ? How 
do we get our colleagues co see that che benefits of sharing resources far outweigh 
the costs? Timely shilling of data and information is in the best interests not only 
of the research community, but also of che scientist who is doing the sharing - sub- 
stanrial additional benefits will be derived through new contacts, collaborations and 
acknowledgement ihat are fostered by open exchange. Numerous examples attest to 
this fact- The real challenge we face is getting our colleagues to recognize the poten- 
tial benefits that can be derived from adopting a com muni ty- mode ling and tnlorma- 
rion- sharjng culture. In addition, we need to dispel the unwarranted fears that many 
scientists and engineers harbor: that they will be "scooped" if they release their data 
coo soon or blamed if there is a bug In their code. Finally, we need ro accept the 
fact that releasing undocumented or poorly documented software is preferable to not 
releasing it ar. all 
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To Conclude 



Our ignorance is not so vast as our failure to use what we know. 

M. King Hubbert 



There was once a time when humans were few, weak and vulnerable, on a large, 
hostile planet. They endeavored not to succumb, not to adapt to the environment 
but instead to try something different on the evolutionary trail. They began to 
change the environment. The clear and obvious goal was to grow, to gain power, to 
rake control. In die beginning, this was a battle with no clear winners. Sometimes 
humans succeeded, and would develop into mighty civilizations, and their numbers 
grew along with their power to harness the environment But then something would 
go wrong, civilisations would collapse, human power would diminish, and they would 
have to start again somewhere else. In aggregate, it was a more or less equal battle 
until something really remarkable changed the world. 

Humans learned to harness fossil energy. Suddenly they became masters of past 
worlds, of the energy that had accumulated over millennia in the past and was stored 
there, waiting for the right moment to come. Suddenly, the new evolutionary path 
became re;il!y fueled. Humans ;iehieved the power anil the luxury to allow some ol 
their best minds just to think: they no longer needed to hunt, or to sow, or to build. 
With the power of concentrated old energy it was no problem to provide these minds 
with all they needed in terms of food, clothing or shelter. They could spend their 
entire lives thinking, inventing, designing, coming up with new, better solutions for 
the new alternative human evolution. That is when human evolution, 'advance- 
ment' really took off, and population, he^an to advance in huj^e leaps. Local pockets 
of civilization became united on a global scale into one technocratic civilization, and 
the goal still remained the same - to expand, grow, empower 
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And so the human population grew, both in terms of its numbers ,and in terms of 
its rates of consumption Currently we really are at a turning point: a paradigm shift 
t$ hadlv needed. There arc three reasons lor this: 

• Climate Change; 

• Resource depletion and peak oil; 

• Globalization. 

Climate change is happening already and its 
change is likely tti accelerate. We find numerous 
evidences for that A recent study has shown that 
1 50 years of records show trends toward fewer days 
ol ice cover. Trends in ice duration in 65 water 
bodies acTosb the Great Lakes region (Minnesota, 
Wisconsin, Michigan, Ontario and New York) 
during a penod of rapid climate warming (1975- 
2004) show that average ice duration decreased by 
53 days per decade. Average temperatures from 
fall through spring in this region increased by 0.7 
degrees Celsius. The nverage number of days wuh 
snow decreased by 5-0 days per decade, and the 
average snow depth on those days decreased by 
L7 centimeter;, per decade 1 

There is mounting evidence of rapidly 
shrinking glaciers. These processes are occur- 
ring faster m the Polar Regions. The Arctic is 
expected to become a new permanent, sea route 
from the Atlantic to the Pacific. Ice in Greenland 
is disappearing 

A tropica] vims has caused an epidemic m 
Italy, when several hundreds of cases of chikun- 
gunya, a form of dengue fever normally found in 
the Indian Ocean region, have been registered in 
Cast ig I tone di Cervia in Northern Italy. In this 
case the disease was spread by insects: tiger mos- 
qui tots, who can now thrive in a wanning Europe. 
Tiger mosquitoes are now iound across southern 
Europe and even in France and Switzerland. 

The drought conditions in south- east- 
ern Australia seem to be permanent now. For 
eleven years in a row temperatures have been 
above normal. Sydney's nights are its warmest 

since records were first kept 149 years ago Sydney had :ts wettest year since J 99H, 
receiving H99 millimeters, well above the long- term average of 1215. Much of it 
was coastal, rain that fell at the wrong time for farmers, soaked into drought- parched 
soils or evaporated during scorching days. Sydney had its stormiest year since 1963. 
with 33 thunderstorms, historic average 28. 
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To Conclu* 



The list of these changes can be continued. Coral reefs are hi cached and are 
degrading. Hurricanes have became more powerful and frequent. Floods and droughts 
are becoming more severe. Most disturbing arc the numerous positive feedback 
effects involved in the above, and ihat drive the climatic machine uf this pi. met. 

According to the International Panel on Climate Change (IPCC) it is "very 
unlikely" that we will avoid the coming era of "dangerous climate change". Most 
likely we should expect water shortages, crop failures, disease, damages from extreme 
weather events, collapsing infrastructures, and breakdowns in the democratic proc- 
ess. Our tirsc experience of re-engineering the planet seems ro be producing quite 
ugly results. Unintentionally we may have triggered coo many positive feedbacks thaE 
tend to get cut of control If we can't stop ir - we will need to adapt to it. Any adapta- 
tion will require additional resources. 

Unfortunately the resource base also does not look ver\ promising. As we have 
already seen there is mounting evidence that oil reserves are approaching the thresh- 
old when extraction will consume almost as much energy as energy produced- It 
becomes meaningless to produce oil as an energy source after rhat. At the same rime 
there is growing demand , especially in South-East Asia. 
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The growing price of oil. This time there seems to be no other reason except that supply 
cannot catch up with demand. 



In the twenty-first cent u 17 oil prices have gone up over 800%, There Was a pre- 
vious price spike in the 1970s, but at that time it was a deliberate decision of OPEC 
to decrease oil exports to get n price hike There is no such policy pursued today, yet 
prices are steadily growing. Why is that? We have entered the era where supply can no 
longer keep pace with demand. Supply t.s stagnating, while demand continues to yrow. 
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interdependent system. The cap 15 World oil producers deliver over 63 million bar- 
re U of oil per day. At the same time the Top 15 oil exporters 6hip more than 39 mil- 
lion barrels of oil per day, mearuiig chac almost 2/3 of all oil produced is destined to 
some other location, in many cases r raveling many mile* across the oceans, ivlust of 
the developed coun tries are dependent nn foreign energy supplies. 

Almost ail countries depend on rood imports. Sometimes as much as 70% of 
food supply has Co be delivered. While in developed countries foreign imports Lire 
largely for exntic and luxury items, in Home of the Middle East and African countries 
they are a necessity. 

Even lor many conventional items we see that trade flows circle the Earth Ln 
many cases going in both directions, as is the ease with, say, ullages. 

Financial flows further connect, the World An estimated 150 million migrants 
worldwide have sent some US$300 billion to their families in developing countries 
during 2006 through more than 1 .5 billion separate financial transactions 




At this point we are not looking at positive and negative impacts of globalization 
What is important is to realise that this system is in place, and that; as a result, the 
world is completely interconnected. Local crises will spread around swiftly; overcoiv 
sumption in the developed countries will nor he contained only to the areas of those 
countries- Just like depletion ot oil reserves in, say. the 4S states of the USA will nor 
stop oil consumption in the country, climate change triggered by greenhouse gas emis- 
sions is not going to he limited only to the locations where these gases are emitted. 

The environments that we have Created are facing considerable risks, and the 
safety net once provided by the favorable natural environment on planet Earth seems 
to be eroding. Since humans have taken control, to shape the environment to our 
own use rather than adapt to what was offered, we now have a fiduciary responsibility 
for the results of our efforts, Jn many cases the natural environments that were there 
to provide humans with resources needed and to absorb the waste and pollution that 
humans created, are no longer tn place. Furthermore, they could never provide the 
carrying capacity needed to maintain the current size of the human population at the 
comfort levels that it has become accustomed to, 

The paradigm shift, if it comes, needs to be based on an understanding of how 
systems work, of how we got here, and what the indirect and delayed responses of 
the system can he. The one resource chat dnes not seem to have any limits is infor- 
mation Moreover, by shartng information, we Jo not subtract from it. If 1 have a 
bucket of popcorn and wanr to share it wirh my neighbors, 1 will have to give them 
some nf the popcorn from the bucket As a result, there will be less left for me. This 
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15 not the case with information. If J share wirh you what 1 know, I do not then know 
less, prohably more, because while communicating I might understand my informa- 
tion better. If it is in our genetic heritage to grow, to consume more, to expand, then 
probably the only area where we can do it safely - is with information 

The planet is limited: there is only that much of l:md, oil, water, tin, copper and 
gold. No matter how efficiently we use it, if there are more and more users, we will 
eventually run out of the goods Information is I i mi r less We tan explore, research, 
study, learn as much as we w ish. Vernadskii dreamt of a system he called "noosphere" - 
a biosphere driven by human intellect, spirituality, knowledge, and understanding, 

Models are an important pare of this understanding. They are building blocks of 
our worldview. The models can be simple or complex, conceptual or numerical, formal 
or verbal, but for models to be gmd rhey need to be based on a culture of modeling - 
on good modeling practice. That is what we tried to learn in this book. If we have 
common standards for our models, it will be easier for us to communicate our under- 
standing, to hod common ground, to avoid conflict and make the right decisions. 

The modeling process can work as our shared fact -finding and understanding 
experience that leads us toward a shared vision of the past, present and future- Any 
dispute can be treated as a clash of different models. Stakeholders contributing to 
a dispute resolution exercise come to the table with their different models, quali- 
tative and quantitative, of the system at stake. The dispute evolves because of the 
incline latencies and controversies between the different models. I hypothesize that 
by harmonizing the models for use in a common framework, much of the conflict can 
be resolved. In a way participatory modeling is a mechanism of joint fact finding and 
understanding when data and knowledge are shared among stakeholders in attempts 
to build a common model. When the participants mutually educate each other about 
the models they use, and arrive at a shared model of a system there remains less rea- 
son for conflict and dispute. 

As the book goes to prim, we are witnessing a burst of the housing bubble in 
the USA and a slide of the US economy towards recess ion. For a systems scientist 
this actually may be a positive trend. The economy is well overdue to slow down, 
giving people pause to reconsider some of our priorities. However, instead, another 
stimulus package is going to be passed by the US government, simply putting more 
money in the hands of people to ensure that they spend more to fuel further growth, 
The system is further forced into overdrive towards a collapse. Instead of investing in 
education, m retraining, m research, in the future, again we are choosing to invest 
in consumption, for the present. If we could only share our models and reach a 
common understanding. . . 
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